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THEME 


Judging  the  suitability  of  an  aircraft  to  safely  and  effectively  perform  its  mission  without  undue  pilot  skill  and  discomfort 
is  what  “flying  qualities"  is  all  about.  Central  to  such  judgement,  and  to  the  design  of  suitable  aircraft  plus  flight  control 
systems,  is  an  understanding  of  what  the  pilot  can  do  with  ease  and  comfort  or  conversely  what  bothers  him.  The  Lectures 
are  designed,  collectively,  to  impart  such  understanding  to  both  novice  and  seasoned  practitioners  in  flying  qualities  and 
flight  control  and  thereby  to  provide  the  bridge  required  to  extend  flying  qualities  requirements  from  simple  “classic" 
response  aircraft,  to  the  much  altered  responses  attending  the  use  of  full-time  active  control.  It  also  provides  a  unifying 
connection  among  the  empirically  derived  flying  qualities  requirements  of  different  aircraft  types,  e.g.  fixed-  and  rotary-wing. 

Mathematical  models  of  pilot  control  behaviour  are  fundamental  and  basic  to  such  appreciation  and  interpretation,  and 
are  exposed  and  explained.  The  application  of  various  models  to  flying  qualities  problems  is  discussed;  and  the  influences 
regarding  the  generic  likes  and  dislikes  of  pilots  drawn  from  such  studies  are  listed  and  catalogued.  The  effects  of  distractions 
due  to  excessive  turbulence  or  due  to  secondary  tasks  or  to  required  display  scanning,  both  involving  divided  attention,  are 
examined  and  treated. 

For  purposes  of  ready  and  universal  “characterization",  the  aircraft  plus  flight  control  system  (plus  displays  if 
applicable),  which  may  be  of  quite  high  order,  and  have  new  “command"  and  “hold"  modes  of  control  is  approximately 
matched  by  a  lower  order  equivalent  system  of  sufficient  bandwidth  to  be  indicative  of  the  pilot's  concerns.  The  fixed  form 
representations  for  such  equivalent  systems  and  the  “matching"  considerations  are  described;  and  the  experimental  data  base 
is  also  presented  and  discussed. 

Finally,  some  of  the  pitfalls  and  benefits  of  using  simulators  for  flight  control  system  development  and  flying  qualities 
research  are  exposed  and  clarified. 

This  Lecture  Series,  sponsored  by  the  Flight  Mechanics  Panel  of  AG  ARD,  has  been  implemented  by  the  Consultant 
and  Exchange  Programme. 


*  • 


Le  terme  “Qualites  de  Vol"  implique  une  evaluation  de  1'aptitude  d'un  aeronef  a  accomplir  efftcacement  sa  mission  dans 
les  conditions  de  securite  requises,  sans  gene  excessive  pour  le  pilote  et  sans  I'obliger  a  depasser  les  limites  normales  de  sa 
competence  technique. 

De  me  me  que  pour  1'etude  daeronefs  et  de  systemes  de  commandes  de  vol  adaptees.  toute  evaluation  de  ce  genre  passe 
par  la  comprehension  de  ce  que  le  pilote  est  capable  de  faire  aisement  et  sans  gene.  ou.  au  contraire,  de  ce  qui  le  gene. 

L'ensemble  des  exposes  est  organise  pour  foumir  une  telle  comprehension  au  debutants,  commc  aux  specialistes  dans 
le  domaine  des  qualites  de  vol  et  des  systemes  de  commandes  de  vol.  Les  conferences  servent  ainsi  de  “pont".  indispensable  a 
revolution  des  specifications  des  qualites  de  vol  des  aeronefs  a  reponse  "classique"  vers  une  specification  qui  tient  compte 
des  reactions  tout  it  fait  differentes  engendrees  par  les  commandes  actives  permanentes.  Elies  servent  en  meme  temps  de  lien 
qui  permet  d'integrer  les  specifications  des  qualites  de  vol  obtenues  empiriquement  pour  differents  types  daeronefs.  par 
exemple  i  voilure  fixe  et  a  voilure  toumante. 

Les  modeles  mathematiques  du  comportement  des  commandes  de  pilotage  sont  fondamentaux  et  necessai res  pour  de 
telles  analyses  et  evaluations.  Hs  sont  presenter  et  des  explications  sont  donnees.  L 'application  de  differents  modeles  aux 
problemes  des  qualites  de  vol  est  traitee.  Les  consequences  des  preferences  et  des  aversions  des  pilotes  revelees  par  de  telles 
etudes  sont  repertoriees.  Les  effets  des  distractions  occasionnees  par  un  excedent  de  turbulence.  I'execution  de  tachcs 
secondaries  ou  par  le  balayage  des  visualisation  necessaries  par  le  pilote,  impliquant  une  division  d'attention.  sont  examines 
et  traites. 

Aux  fins  d’une  “caracterisation"  facile  et  universelle  de  1'aeronef  et  du  systeme  de  commandes  de  vol  (plus  les 
visualisations,  si  necessaire)  qui  peuvent  etre  relativement  sophistiquees  et  avoir  des  modes  de  commandes  nouvelles  du  type 
“commande-maintien".  on  peut  utiliser  un  systeme  quasi-equivalent  moins  sophistique.  dont  la  bande  passante  est 
suffisamment  large  pour  etre  representative  des  preoccupations  du  pilote.  Les  representations  de  forme  fixe  de  tels  systemes 
equivalents  et  les  considerations  “d'adaptation"  sont  decrites,  et  la  base  de  donnees  experimemale  sont  egalemcnt  presentees 
et  traitees. 

Enfin,  certains  avantages  et  desavantages  de  la  mise  en  oeuvre  des  simulateurs  pour  le  developpement  des  systemes  de 
commandes  de  vol  et  la  recherche  dans  le  domaine  des  qualites  de  vol  sont  exposes  et  de  eclaircissements  sont  donnes. 

Ce  Cycle  de  conferences  est  presente  dans  le  cadre  du  programme  des  consultants  et  des  echanges,  sous  I'egide  du 
Panel  AGARD  de  la  Mecanique  du  Vol. 
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This  lecture  aeries  is  designed  to  offer  a  review  of  sou  basic  flying  qualities 
issues  end  concepts  which  can  orient  and  enlighten  nevcosers  to  the  field  end  enhance 
and  simplify  the  transition  froa  "old"  to  "new"  aircraft  projects  for  the  nor*  seasoned 
englaeer.  Such  transition  aust  recognise  that  the  present  direct ly-appllcable  flying 
qualities  data  are  grossly  Inadequate  to  handle  the  growing  dlaenslone  of  the  "new" 
flying  quelitiss  "matrix"  which  continues  to  steadily  and  rapidly  Increase  —  from 
classic  to  augaented  aircraft*  to  f ull-aathorl ty  coaaend  eugaeatatlon*  to  integrated 
flight*  fire*  propulsion  control*  to  gust  end  load  alleviation*  to  auperaugaentatlon*  to 
superaaneuverablllty *  to  task-tailored  flying  qualities  and  who  knows  what  neat. 
Accordingly,  it  is  not  possible  at  this  tine,  and  probably  never  will  be*  to  provide 
explicit  experimentally -based  guidance  for  all  "new"  control  aodes  and  combinations. 
Bather  the  basic  idea  is*  and  has  been  for  s  long  time  now  (Bef.  1)*  to  develop  a  viable 
theoretic  framework  and  some  supporting  data*  which  can  be  used  in  a  general  and  generic 
way  to  provide  usable  and  useful  guidance  to  the  development  of  good  flying  qualities 
regardless  of  system  structure. 

So  to  begin  with,  let’s  define  flying  qualities  and  why  they're  important.  There 
are  a  variety  of  definitions  —  the  lecture  series  abstract  has  one.  Another  is 
(Ref.  2),  "those  airplane  characteristics  which  govern  the  ease  or  precision  with  which 
the  pilot  can  accomplish  the  mission."  Tet  another  (Bef.  1>  is*  "those  —  properties  of 
a  vehicle  that  permit  the  pilot  to  fully  exploit  its  performance  and  other  potential  in 
a  variety  of  missions  and  roles  —  (so  that)  limitations  on  the  airplane  do  not  origi¬ 
nate  in  any  kind  of  a  pilot-vehicle  control  problem,  but  --  in  ■  some  other  design 
aspect.”  The  point  is,  that  safety*  mission  performance  and  response  to  auxiliary  and 
emergency  demands  are  all  enhanced  by  good  flying  qualities*  which  basically  embody 
three  recognised  facets: 

1)  Trim  and  Unattended  Operation 

The  pilot  must  always  be  able  to  trim  the  airplane,  hands  off,  so  that  he 
can,  in  fact*  achieve  an  unattended  state  of  operation  in  a  reasonable  length  of 
time.  Unattended  operation  relates  to  whether  the  airplane  and  flight  control 
system  is  stable*  or  mildly  to  strongly  divergent;  and  whether  it  can  be  left 
unattended  while  the  pilot  devotes  some  of  his  attention  to  tasks  other  than 
controlling  the  vehicle. 

2)  Large  Amplitude  Maneuvers 

These  are  sometimes  restricted  by  control  power,  sometimes  by  the  nature  of 
the  response.  In  any  case,  the  maneuver  results  from  a  programmed*  largely 
open-loop,  pilot  input  triggered  by  some  cue  or  imminent  danger,  e.g.,  an 
attacking  aircraft*  gust  upset*  imminent  collision*  etc. 

3)  Regulation  and  Precision  Flying 

The  pilot  is  now  in  closed-loop  control,  holding  the  airplane  to  whatever 
course  or  attitude  he  desires  in  the  presence  of  wind  and  other  disturbances* 
and  futhermore*  precisely  maneuvering  and  controlling  the  vehicle  down  a  given 
trajectory  within  applicable  constraints. 

The  most  difficult  aspect  of  the  first  two  categories  is  identification  of  the  situ¬ 
ations  and  circumstances  to  which  they  apply.  Once  this  has  been  accomplished  the 
analysis  problem  reduces  to  computing  a  response  to  a  specified  input;  the  pilot's  role 
is  basically  as  an  observer  or  a  skilled  generator  of  open-loop*  programmed  commands. 
In  the  last  category,  however*  the  pilot  dynamics  are  central  and  analytical  treatment 
of  the  pllot-alrcraf t-dlsplay  as  a  feedback  system  is  essential;  furthermore  such 
analyses  generally  reveal  the  moat  critical*  crucial  and  universal  aspects  of  the  flying 
quantise  problem  —  those  that  are  the  primary  basis  for  pilot  assessments.  Accord¬ 
ingly*  most  of  the  lectures  are  devoted  to  explaining  and  elucidating  use  of  closed-loop 
pilot-vehicle  theory*  methodology,  and  experimental  correlates  in  the  specification  and 
identification  of  fundamental*  pilot-centered  flying  qualities  requirements. 

For  the  benefit  of  some  who  may  not  be  too  familiar  with  basic  closed-loop  analysis 
we'll  now  identify  some  of  the  elements  thereof.  In  the  first  place  the  Laplace- 
transformed,  linearised*  small  perturbation,  differential  equations  of  motion.  In  matrix 
form*  yield  the  input/output  transfer  function  Cg(s)  of  the  vehicle  itself.  This  is 
part  of  the  total  open-loop  depicted  in  Fig.  1.  The  basic  analysis  problem  is:  given 
the  open-loop  C(s)  to  find  the  closed-loop  output/lnput  transfer  function  G/l+G.  The 
Fig.  2  example  for  G(s)  -  K/s  shows  that  the  closed-loop  characteristics  are  set  by  the 
open-loop  (sero  dB)  Bode  gain  which  in  turn  sets  the  crossover  frequency*  The  90* 
phase  margin  (crossover  phase  +160*)  results  in  closed-loop  characteristics  which  are 
first-order.  For  a  second  order  system  the  closed-loop  damping  ratio  Cc»  is  related  to 
the  open-loop  phase  margin*  p^*  as  depicted  in  Fig.  3;  for  these  sad  more  complex 
systems  phase  margins  of  about  40*  yield  "good”  damping  ratios  near  0.3. 
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When  w«  consider  feedback  ijrittu  Involving  more  than  a  tingle  loop,  eloaura  of  tha 
inaarnoac  loop  procaoda  aa  above  with  6(a)  expressed  in  terse  of  a  characteristic  denom¬ 
inator,  4,  and  an  output/inpnt-specif ic  numerator,  i,e«,  referring  to  Fig,  t.  G(«)  - 
Ng/A.  tho  ouccaaalvo  additional  loopa  aach  oodlfy  both  tha  chataetariatlc  and  tha 
aunaratara  aa  lndieatad  in  tha  rig.  4  ainpla  anaapla  (adaptad  iron  lat.  )). 

With  thaaa  baaie  concapta  so*  "rnf raahad,"  wa'ra,  hopefully,  randy  to  liatan  and 
undaratand  oar  flrat  lactura. 

WIUMII 

1.  Aahkanaa,  I.  1.,  "Twonty-Piva  Toara  of  Randlini  Qualitlaa  keeoarch."  J.  Aircraft. 

Vfl.  II,  No.  5,  Nay  IMA,  pp.  2,7-301.  - 

2.  Hoh,  togar  H. ,  David  6.  Nltchall,  Irving  L.  Aahkanaa,  Propoaad  NIL  Standard  and 

Nandbook  —  Plying  Qualitlaa  of  Air  Pahlelaa  Vol.  I:  Propoaad  NIL  Standard. 
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1.  Netuar,  Duano  t. ,  Irving  L.  Aahkanaa,  and  Dunatan  Crahan,  Aircraft  Dynanica  and 
Automatic  Control.  Prlacatan  Onivaralty  Proaa,  Prlncaton,  N.J.,  1,73. 
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Vehicle  Equation* 
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Controller  Equations 
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With  the  f(r)  ♦  Sr  loop  closed 
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*3 1 8  ♦  *32*  ♦  (*33  ♦  N6rGr)r  “  Nifia 


The  +/6a  transfer  function  developed  froi  this  array, 
denoted  as  (♦/«*)  r  ♦  6r,  la  given  by 
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and  is  recognised  as  the  characteristic  determinant  with  terms 
In  the  ♦  and  r  columns  raplaced  by  aileron  and  rudder  control 
effectiveness  terms,  respectively. 


Figure  4.  Multiple  Loop  Example  Derivation 
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PILOT  MODELING 
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President 
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summary 

The  paper  begins  with  a  description  of  pilot  control  behavior  In  general.  This  Is 
followed  by  eaphaslslng  the  essential  features  of  pilot  dynamics  for  closed-loop  control 
of  aircraft*  The  crossover  aodel  is  presented  as  the  slaplest  and  most  useful  aodel  for 
the  majority  of  flying  qualities  analyses.  Two  models  are  developed  in  some  detail:  a 
structural-isomorphic  form  which  accounts  for  some  human  subsystems  as  well  as  the  total 
Input-output  behavior;  and  an  algorithmic  optimal  control  model  which  attempts  to  mimic 
the  pilot's  total  response  only.  Both  full  and  divided  attention  conditions  are 
treated. 

INTRODUCTION 

The  huasn  operator  In  a  aan-aachlne  system  la  the  archetype  hierarchical*  adaptive, 
optimalizing*  decision-making  controller.  Control  theories  can  also  be  classified  using 
similar  adjectives*  so  It  is  not  surprising  that  almost  every  new  advance  In  control 
theory  has  lad  to  attempts  to  better  understand  additional  aspects  of  human  behavior  In 
the  perspective  of  this  advance*  Sometimes*  but  not  always*  these  attempts  have  been 
fruitful,  and  a  control  theory  paradigm  has  evolved  which  Is  useful  In  quantifying  the 
human's  operations*  Just  as  theory  has  been  used  to  "explain"  experiment*  so  unex¬ 
plained  experimental  results  beget  new  theory.  The  results  of  this  widespread  synergis¬ 
tic  activity  have  been  documented  In  hundreds  of  research  papers  and  In  a  series  of  sum¬ 
mary  surveys  which  have  appeared  aperlodlcally.  (A  chronological  listing  of  surveys  Is 
given  at  the  end  of  this  paper*  succeeding  the  reference  list).  As  a  consequence,  much 
of  the  successful  art  Is  now  mature.  Furthermore*  It  has  become  a  fundamental  mode  of 
thinking  on  the  part  of  technical  practitioners  in  the  fields  of  operator /vehicle  con¬ 
trol  system  Integration*  vehicle  handling  qualities  and.  Indeed,  all  aspects  of  Interac¬ 
tive  man-machine  systems. 

Besides  the  technological  aspects  of  manual  control*  interdisciplinary  activities 
between  control  engineers,  physiologists*  and  experimental  psychologists  have  led  to 
control  theory  descriptions  of  human  subsystem  behavior  and  to  the  Interpretation  of  the 
human's  psychophytlological  outputs  in  control  engineering  terms*  These  Interdisci¬ 
plinary  areas  have  been  especially  productive  In  building  psychophyslologl cal  models  of 
those  human  subsystems  Involved  In  the  human  controller,  in  understanding  blodynamlcs  as 
affected  by  environmental  variables,  and  In  Interpreting  objectively  the  effects  of 
alcohol*  drugs*  fatigue*  etc*,  as  operator  impairments. 

From  this  rich  variety  there  are  many  aspects  of  man-machine  control  that  could  be 
addressed,  but  the  emphasis  here  will  be  on  a  few  examples  particularly  pertinent  to 
flying  qualities.  Although  the  models  treated  do  not  represent  an  exhaustive  cross- 
section  of  the  field*  they  do  Include  both  classical  and  modern  control  theoretical 
viewpoints*  We  shall  begin  with  a  description  of  some  of  the  ways  in  which  humans 
behave  as  controllers  and  thereby  introduce  some  of  the  mysterious  complexities  which 
face  researchers  In  this  field.  From  these  starting  points*  the  discussion  will  be  con¬ 
tracted  to  emphasise  human  behavior  in  closed-loop  compensatory  systems,  and  the  two 
currently  predominant  types  of  human  operator  modeling  used  to  describe  this  behavior 
are  discussed  in  some  detail.  The  first  of  these  Is  a  structural  model  which  attempts 
to  account  for  many  of  the  subsystem  aspects  of  the  human  controller  as  well  as  the 
total  Input-output  behavior.  The  second  aodel  treated  is  algorithmic,  which  primarily 
attempts  only  to  mimic  the  human  operator's  total  response. 

Tit  SETERAL  NATO  MS  Of  HAN  MACHINE  CONTROL  —  A  CATALOG  Of  BEN  ATI  ORAL  COMPLEXITIES 

The  human  pilot  is  complicated  to  describe  quantitatively  because  of  his  enormous 
versatility  as  an  information  processing  device.  Figure  l  shows  the  general  pathways 
required  to  describe  human  behavior  in  an  interactive  man-machine  system  wherein  the 
huasn  operates  on  visually  sensed  Inputs  and  communicates  with  the  machine  via  a  manipu¬ 
lative  output.  This  control  system  block  diagram  indicates  the  minimum  number  of  the 
major  functional  signal  pathways  internsl  to  tha  human  operator  needed  to  characterise 
different  behavioral  festuraa  of  the  human  controllar.  Tha  constituent  sensing,  dats 
processing,  computing,  and  actuating  elemanta  are  connected  aa  Internal  signal  pro- 
casslng  pathways  which  can  ba  reconfigured  as  tha  situation  changes.  Functional  opera¬ 
tions  on  internal  signals  within  a  given  pathway  may  also  be  modified.  Thus,  wa  have 
adaptation  both  of  tha  pathways  involved  and  of  the  functions  performed.  The  specific 
internal  signal  organisational  possibilities  shown  have  been  discovered  by  manipulating 
experimental  situations  (e.g.,  by  changing  system  inputs  snd  machine  dynamics)  to  Iso¬ 
late  different  combinations  of  the  specific  blocks  shown. 

To  describe  the  components  of  the  figure  start  at  the  far  right  with  the  controlled 
element;  this  is  the  machine  being  controlled  by  the  human.  To  Its  left  le  the  actual 


Figure  l.  Major  Human  Pilot  Pathways  in  a  Pi lot -Vehicle  System 

interface  between  the  human  and  the  machine  —  the  neuromuscular  actuation  system,  which 
is  the  human's  output  mechanism.  This  in  Itself  is  a  complicated  feedback  control 
system  capable  of  operating  as  an  open-loop  or  combined  open-loop/closed-loop  system, 
although  that  level  of  complication  is  not  explicit  in  the  simple  feedback  control 
system  shown  here.  The  neuromuscular  system  comprises  limb,  muscle,  and  manipulator 
dynamics  in  the  forward  loop  and  muscle  spindle  and  tendon  organ  ensembles  as  feedback 
elements.  All  these  elements  operate  within  the  human  at  the  level  from  the  spinal  cord 
to  the  periphery. 

There  are  other  sensor  sources,  such  as  joint  receptors  and  peripheral  vision,  which 
Indicate  limb  output  position.  These  operate  through  higher  centers  and  are  subsumed  in 
the  proprioceptive  feedback  loop  incorporating  a  block  at  the  perceptual  level  further 
to  the  left  in  the  diagram.  If  motion  cues  are  present  these  too  can  be  associated  in 
similar  proprioceptive  blocks  with  feedbacks  from  the  controlled  element  output. 

The  three  other  pathways  shown  at  the  perceptual  level  correspond  to  three  different 
types  of  control  operations  on  the  visually  presented  system  inputs.  Depending  on  which 
pathway  is  effectively  present,  the  control  structure  of  the  man-machine  system  can 
appear  to  be  open-loop,  or  combination  open-loop/closed-loop,  or  totally  closed-loop 
with  respect  to  visual  stimuli. 

When  the  compensatory  block  is  appropriate  at  the  perceptual  level,  the  human  con¬ 
troller  acts  in  response  to  errors  or  controlled  element  output  quantities  only.  With 
this  pathway  operational,  continuous  closed-loop  control  is  exerted  on  the  machine  so  as 
to  minimize  system  errors  in  the  presence  of  commands  and  disturbances.  Compensatory 
behavior  will  be  present  when  the  commands  and  disturbances  are  random-appearing  and 
when  the  only  information  displayed  to  the  human  controller  consists  of  system  errors  or 
machine  outputs. 

When  the  command  inputs  can  be  distinguished  from  the  system  outputs  by  virtue  of 
the  display  (e.g.,  i  and  ■  are  shown  or  detectable  as  separate  entities  relative  to  a 
reference)  or  preview  (e.g.,  as  in  following  a  curved  pathway),  the  pursuit  pathway 
Joins  the  compensatory.  This  new  pathway  provides  an  open-loop  control  in  conjunction 
with  the  compensatory  closed-loop  errer-co*rrecti ng  action.  The  quality  of  the  overall 
control  can,  in  principle,  be  much  superior  to  that  where  compensatory  acts  alone. 

An  even  higher  level  of  control  is  possible.  When  complete  familiarity  with  the 
controlled  element  dynamics  and  the  entire  perceptual  field  is  achieved,  the  operator 
can  generate  neuromuscular  commands  which  are  deft,  discrete,  properly  timed,  scaled, 
and  sequenced  so  as  to  result  in  machine  outputs  which  are  exactly  as  desired.  These 
neuromuscular  commands  are  selected  from  a  repertoire  of  previously  learned  control 
movements.  They  are  conditioned  responses  which  may  be  triggered  by  the  situation  and 
the  command  and  control  quantities,  but  they  are  not  continuously  dependent  on  these 
quantities.  This  pure  open-loop  programmed-cont rol-1 ike  behavior  is  called  precognl- 
t lve .  Like  the  pursuit  pathway,  it  often  appears  in  company  with  the  compensatory 
operations  as  a  dual-mode  control  —  a  form  where  the  control  exerted  is  initiated  and 
largely  accomplished  by  the  precognltlve  action  and  then  nay  be  completed  with  compensa¬ 
tory  error-reduction  operations. 
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The  above  description  of  pathways  available  for  huaan  control  activities  has  eapha- 
slsed  the  visual  aodsllty.  Similar  behavior  patterns  are  present  In  the  other  Modal¬ 
ities  as  well.  Thus,  nan's  Interactions  with  aachlnes  can  be  even  aore  extraordinarily 
varied  than  described  here,  and  can  range  coapletely  over  the  spectrua  froa  open-loop  to 
closed-loop  In  character  In  one  or  aore  sodalities.  Just  what  pathways  of  the  overall 
systea  are  present  at  a  particular  tiae  depends  on  the  detailed  nature  of  the  specific 
task  at  hand  and  the  corresponding  perceptual  situation.  All  of  the  fundaaental  path¬ 
ways  are  Involved  In  various  plloted-alrcraf t  Maneuvers.  Thus  all  these  features  are 
potentially  significant  In  vehicle  flying  qualities.  In  the  sequel  we  shall,  however, 
consider  only  the  slaplest  fora  of  closed-loop  behavior  —  compensatory  operations. 

COMFENSATORY  OPERATION  AID  THE  CROSSOVER  MODEL 

The  compensatory  pathways  In  the  visual  sodality  have  been  by  far  the  aost  exten¬ 
sively  studied  In  aan-aachlne  systems.  Thousands  of  experlaents  have  been  perforaed, 
and  most  of  the  adaptive  features  of  the  huaan  operator  associated  with  these  kinds  of 
operations  are  well  understood.  Both  classical  control  and  optlaal  control  theoretical 
formulations  are  available  to  predict  steady-state  and  dynaalc  performance. 

Figure  2  illustrates  In  vector  bio**  diagram  fora  a  general  systea  configuration 
appropriate  to  closed-loop  aan-aachlne  control.  The  dlagraa  shows  the  huaan  operating 
on  a  number  of  perceived  quantities,  y(t),  and  exerting  control  over  an  aircraft  ("con¬ 
trolled  element")  by  actuating  a  nuaber  of  controls,  a  (t).  The  response  of  the  con¬ 
trolled  element  to  actuation  of  the  controls  and  to  disturbances  Is  presented  on  a 
"display."  As  used  here,  display  Includes  dynaalc  geoaetrical  perspectives  of  the 
visual  field,  other  visual  stimuli  present  on  physical  display  eleaents  either  on  the 
aircraft  or  in  the  surround,  and  proprioceptive,  tactile,  aural,  and  other  Information 
impinging  on  the  pilot.  From  the  display  the  huaan  separates  the  Information  needed  for 
monitoring  from  that  required  for  control  purposes.  Only  the  latter  directly  affects 
the  huaan ' a  operations  as  a  controller,  although  both  present  attentlonal  demands  and 
thereby  affect  workload. 

After  receiving  the  displayed  information  the  pilot  Internally  selects  and  equalises 
appropriate  signals  and  sends  the  results  on  to  the  neuromuscular  actuation  subsystem 
for  control  action.  The  equalisation  and  neuromuscular  properties  depend  on  the  task 
variables  (effective  aircraft  dynamics,  display,  and  inputs);  they  In  fact  constitute 
the  pilot's  adaptive  features  whereby  he  attempts  to  offset  any  dynamic  deficiencies  of 
the  remaining  systea  elements.  In  the  process  of  accomplishing  control  the  huaan  Intro¬ 
duces  observation,  scanning,  divided  attention,  equalisation,  and  aotor  noises  (together 
constituting  "remnant").  These  unwanted  components  of  the  operator's  signals  are  func¬ 
tions  of  the  task  and  the  qualities  of  the  display. 

Two  types  of  humen  operator  models  are  available  to  handle  the  details  In  Fig.  2. 
The  first  Is  a  multiloop,  mult 1-aodall ty  aodel,  based  on  describing  functions,  which  is 
structurally  Isomorphic  In  that  Its  component  dynamics  are  intended  to  parallel  the 
dynamics  of  more  or  less  identifiable  human  operator  subsystems.  The  emphasis  Is  on 
cause  and  effect  relationships  having  similarity  In  form  and  structural  connections  with 
those  of  the  huaan  operator.  The  second  type  of  aodel  is  algorithmic.  It  uaes  linear- 
quadrat  1  c-guass  ian  optlaal  control  theory,  modified  to  permit  a  pure  tlae  delay  and 
operator-induced  noises  to  be  given  quantities  along  with  the  aachlne  characteristics. 
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Figure  2.  A  Generalised  Man-Machine  Systea  Structure 


2-4 


Both  typo*  of  aodela  represent  the  aan-aecHlne  systee  as  quaslllnesr  In  the  eense 
that  the  response  to  a  given  input  is  divided  into  two  parts  —  a  coaponsnt  which  corre¬ 
sponds  to  the  responses  of  equivalent  linear  elements  driven  by  that  input  and  a 
"reensnt"  or  noise  coaponsnt  which  represents  the  difference  between  the  response  of  the 
actual  systen  and  an  equivalent  systea  based  on  the  linear  slsasnt.  Verbal-analytical 
instructions  which  express  the  adaptation  of  the  huaan  population  to  the  task  variables 
are  an  laportant  foraal  feature  of  the  structural  isoaorphic  aodel  and  have  counter¬ 
parts,  such  as  the  specification  of  the  perforaance  index,  in  the  algorithalc  aodel 
fora.  Vor  Halted  situations,  both  representations  can  be  used  to  predict  huaan  oper¬ 
ator  dynaalc  behavior  (in  soae  sense),  operator-induced  noise  (reanant),  workload 
indices,  visual  scanning  effects,  and  overall  systea  perforaance  such  as  naan-squared 
systea  errors  and  control  activities. 

The  aajor  fundaaental  differences  between  the  aodels  are  their  conceptual  bases, 
l.e.,  causal  and  structural  isoaorphic  as  contrasted  to  algorithalc  and  (potentially) 
teleologlc;  the  coaputat ional  techniques  associated  with  the  exercise  of  the  aodel;  end 
the  nature  of  aodel  Identification  processes.  At  the  present  tlae  there  are  other 
differences  between  the  structural  isoaorphic  end  algorithalc  aodels  relating  to  their 
reglaes  of  application  and  their  validated  capabilities  for  prediction.  These  latter 
differences  are  not,  however,  fundaaental;  Instead,  they  reflect  the  relative  Maturity 
and  extent  of  application. 

Both  the  structural  isoaorphic  and  the  algorithalc  aodel  approeches  will  be 
described  below.  As  a  preliminary  let  us  first  exaalne  soae  of  the  general  characteris¬ 
tics  of  huaan  pilot  dynaalc  response  In  coapensatory  aan-aachlne  systeas  by  considering 
an  eleaentary  exaaple.  Figure  3a  shows  a  display  and  functional  block  dlagraa  of  a 
staple  single-loop  aan-aachlne  systea.  The  controlled  eleaent  dynaaics  are  given  by: 


s  ( Ts  ♦  1) 
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This  could  represent,  for  exaaple,  the  idealised  roll  angle  to  aileron  transfer  func¬ 
tion.  The  coapensatory  display  presents  the  pilot  with  a  visual  stiaulus  which  shows 
only  the  difference  between  the  systea  forcing  function  and  the  systea  output.  (Histor¬ 
ically  this  is  the  definition  of  coapensatory ;  aodern  usage  applies  the  word  coapensa¬ 
tory  to  the  situations  wherein  the  huaan  operates  on  errors  regardless  of  the  display 
details.)  The  pilot's  task  is  to  alnialse  the  presented  error  signal  by  atteaptlng  to 
keep  it  superlaposed  on  a  stationary  point  or  line  on  the  display.  This  Is  accoapllshed 
by  the  Manipulative  control  action  c(t)  which  affects  the  controlled  eleaent,  and  gives 
rise  to  the  systea  output  a(t)  being  controlled.  The  usual  purpose  of  a  systea  of  this 
nature  la  to  make  the  systea  output  closely  reseable  the  systea  forcing  function  or,  in 
other  words,  to  aake  the  output  follow  the  input.  The  quality  of  the  following  is  indi¬ 
cated  by  the  systea  error,  which  is,  of  course,  the  operator's  visual  stiaulus. 

Figure  3b  (Ref.  1)  presents  typical  tlae  histories  in  this  systea  when  a  randos- 
appearlng  forcing  function  is  applied.  The  first  thing  to  notice  about  the  tlae 
histories  is  that  the  systea  output,  a,  does  Indeed  follow  the  forcing  function,  1,  very 
closely.  Only  a  slight  tlae  lag  keeps  the  output  froa  being  a  nearly  identical  dupli¬ 
cate  of  the  forcing  function,  although  there  are  soae  saall,  randoa  wiggles  here  and 
there  on  the  output.  On  the  other  hand,  the  operator's  output  does  not  correspond  at 
all  well  with  the  systea  error,  even  if  the  error  is  delayed.  However,  the  operator 
output  lagged  by  (a  +  1/T)  is  spproxlaately  proportional  to  the  error  signal  delayed  by 
0.16  sec.  Thus,  as  an  approxlaat ion ,  the  operator's  transfer  characteristic  can  be 
Inferred  to  be: 


Yp  -  Kp(Ts  ♦  1  )e” Tt 


(2) 


This  result  states  that  the  operator  develops  a  lead  which  is  spproxlaately  equal  to  the 
first-order  leg  coaponsnt  of  the  controlled  eleaent  dynaaics  sod  chat  the  operator's 
response  lags  his  stiaulus  by  t  sec.  The  open-loop  aan-aachlne  transfer  characteristic 

appears  as: 
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The  date  of  Fig*  4  Illustrate  how  well  this  latter  relationship  Is  obeyed  for  a  variety 
of  subjects.  The  agreeaent  with  the  aaplltude  ratio  is  excellent  over  a  broad  range  of 
frequencies.  The  pheee  agreeaent  le  good  in  the  region  of  the  croeeover  frequency, 
but  departs  eoaewhat  et  lower  frequencies*  Figure  4  also  shows  the  extended  operetor 
aodel  wherein  e  tlae  constant,  1/a,  describes  those  phase  contributions  in  the  croeeover 
region  which  arise  froa  leads  and  lags  (in  ths  pilot  and/or  tha  rest  of  the  eyetea) 
which  are  present  well  below  the  crossover  frequency  bend.  This  phase  contribution  is 
represented  by  e-J®'*.  It  le  an  approximation  not  Intended  to  extend  to  extremely  low 
f rsqusncies. 
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Figure  3.  Simple  Compensatory  System  and  Operator  Responses 
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Figure  5.  Variation  of  Crossover  Model  Dynamic 
St  Inulus-Response  Latency  With  Degree 
Of  Operator  Lead  Equalisation 


If  now  a  large  variety  of  controlled  eleaent  foras  are  used  and  slallar  aeaaureaents 
are  taken,  the  huaan  transfer  characteristics  will  be  different  for  each  controlled 
eleaent.  But,  for  a  very  wide  range  of  controlled  eleaent  dynaaics,  the  fora  of  the 
total  open-loop  transfer  characteristic  about  the  crossover  frequency  will  reaaln  sub¬ 
stantially  Invariant.  In  other  words,  experlaent  shows  that  Eq  .  4  has  soae  pretension 
to  general  applicability.  The  effective  tLae  delay,  r,  which  is  of  course  only  a  low- 
frequency  approximation  to  all  manner  of  high-frequency  leads  and  lags,  is  not  a  con¬ 
stant.  It  depends  prlaarlly  on  the  aaount  of  lead  equalisation  required  of  the  oper¬ 
ator,  as  shown  in  Fig*  5  (Ref.  1).  This  Indicates  that  pilot  equalisation  to  offset 
controlled  eleaent  dynamic  deficiencies  has  an  associated  coaputat lonal  tlae  penalty. 
With  this  proviso  on  t,  the  Eq .  4  relationship  becoaes  the  well-known  simplified  cross¬ 
over  model  of  coapensatory  aanual  control  theory.  The  huaan  operator's  adaptation  to 
controlled  eleaent  dynaaics  is  implicit  In  the  relationship,  i.e.,  for  a  particular  set 
of  controlled  eleaent  dynaaics  defined  by  Yc  the  huaan  will  adopt  a  crossover  region 
transfer  characteristic  Y-  •  *ce  T,/sYc.  The  general  fora  of  the  huaan's  response  would 
thus  be  deteral ned  by  the  specifics  of  Yc,  and  changes  in  this  task  variable  evoke 
changes  in  Yp  such  that  the  crossover  aodel  open-loop  transfer  characteristic  fora  Is 
preserved. 


The  crossover  aodel  also  applies  when  the  aachine  dynaaics  are  saoothly  tlae  varying 
(Ref.  2).  The  crossover  frequency  tends  to  be  constant  for  a  given  set  of  task  vari¬ 
ables.  It  increases  slightly  as  forcing  function  bandwidth  is  increased  and  is  reduced 
for  very  saall  input  aaplltudes.  This  is  a  consequence  of  the  operator's  indifference 
threshold,  which  is  the  aoat  iaportant  nonlinearity  to  be  considered  in  connection  with 
crossover  aodel  transfer  characteristics. 

The  second  component  of  the  operator's  response  is  operator-induced  noise  or 
reanant.  This  can,  in  principle,  result  froa  several  sources,  but  in  single-loop 
systems  with  linear  manipulators  the  basic  cause  appears  to  be  random  tlae-varylng 
behavior  within  the  operator  priaarily  associated  with  fluctuations  in  the  effective 
tlae  delay.  This  can  be  Interpreted  as  a  randoa  change  in  phase,  akin  to  a  random  fre¬ 
quency  Modulation,  or  to  variations  of  Internal  sampling  rate  in  a  sampled  data  inter- 
P**t*tlon  of  the  operator  (Refs.  I,  3-6).  In  any  event,  the  reanant  is  a  continuous, 
relatively  broadband,  power  spectral  density  which,  as  shown  In  Fig.  6,  scale*  approxi¬ 
mately  with  the  Man-squared  error  (Refs.  4,  5). 

Task  variables  other  than  the  aachine  dynaaics,  as  well  as  anvlronaental  and  oper¬ 
ator-cantered  variables,  can  change  open-loop  gain,  effective  tlae  delay,  and  reanant. 
Accordingly  ac  and  t  variations  becoae  a  quantification  of  changes  or  differences  In  the 
task,  environmental,  and  operator-centered  variables  expressed  directly  In  teras  of  the 
operator's  control  actions.  In  measuring  the  effects  of  training  for  instance,  a- 
increases  with  trials  until  stable  conditions  are  obtained  for  that  particular  subject 
and  oat  of  constant  task  and  environmental  variables.  Similarly,  the  reanant  any  also 
change  as  a  function  of  the  control  situations.  For  Instance,  coaparlaon  of  Figs.  6a 
and  6b  shows  the  change  In  reanant  bandwidth  and  level  associated  with  the  lead  equali¬ 
sation  required  to  offeet  controlled  eleMat  lags.  As  another  example  Ref.  7  shows  that 
•Mtator  gain  is  decreased  and  remnant  is  Increased  as  a  consequence  of  Ingested 
alcohol. 
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Figure  6.  Normalised  Remnant  Spectra 


To  generalise  these  remarks,  the  total  pilot  actions  can  be  thought  of  as  that  of  an 
adaptive  plastic  sensory-motor  link  —  adaptive  In  that  the  pilot  Is  task-adjusted  to 
offset  controlled  eleaent  dynaalc  deficiencies  and  to  respond  to  forcing  function  com- 
■ands  or  regulate  against  disturbances;  plastic  in  that  the  adaptive  characteristics  are 
further  shaped  by  the  external  and  Internal  (pilot-centered)  environments*  These 
behavioral  features  aust  be  accounted  for  in  either  the  structural  Isomorphic  or  algo¬ 
rithmic  aodels.  A  general  description  of  these  models  and  soae  of  their  characteristics 
follows* 

TRI  STRUCTURAL  ISOMORPHIC  RON AM  OPCRATOR  NOOIL 

The  extensive  analytical  and  experimental  studies  of  closed-loop  man-machine  systems 
conducted  since  World  War  II  have  had  as  a  principal  goal  the  mathematical  quantifica¬ 
tion  of  human  dynaalc  behavior  and  the  development  of  laws  which  peralt  this  behavior  to 
be  predicted.  In  general,  eaphasls  has  been  on  the  human  operator  as  a  complete  entity 
rather  than  as  a  summation  of  functional  subsystems* 

In  recent  years,  the  precision  and  dynaalc  range  of  measurements  taken  with  the 
total  human  operator  have  increased  greatly  —  to  the  point  that  certain  of  the  measure¬ 
ments  made  over  certain  frequency  ranges  can  be  associated  with  the  human  subsystem 
dynamics*  Thus,  the  study  of  the  human  operator  as  a  whole  has  now  arrived  at  the  stage 
where  not  only  must  subsystem  models  sum  up  to  be  compatible  with  the  total  human  dyna¬ 
mic  model,  but  subsystem  and  total  system  studies  can  be  directly  related*  Accordingly, 
control  engineering  descriptions  of  the  overall  human  (see,  e.g.,  the  list  of  surveys), 
dynamical  descriptions  of  the  human  motor  coordination  system,  studies  of  predictive 
control  conducted  for  physiological  understanding,  and  studies  of  neuromuscular  actua¬ 
tion  systems,  which  were  originally  separated  disciplines,  now  become  united* 

As  described  in  Ref*  8,  the  adaptive  and  plastic  properties  of  the  operator  permit 
the  experimenter  to  set  the  stage  and  write  a  script  calling  for  a  particular  form  of 
action*  Table  1  Illustrates  some  of  the  experimental  procedures  which  can  be  used  to 
evoke  various  types  of  behavior* 

By  properly  selecting  combinations  of  these  procedures  and  techniques,  particular 
channels  of  human  dynamic  operations  can  be  isolated,  examined,  and  measured*  Appro¬ 
priate  models  which  "explain"  each  of  these  varieties  of  behavior  and  which  are  also 
compatible  with  what  is  known  from  other  views  of  experimental  psychology  and  physiology 
can  then  be  constructed  to  form  a  current  version  of  the  structural  Isomorphtc  model* 
One  such  construction,  which  Is  somewhat  simplified.  Is  given  In  Fig*  7*  Rere  the  con¬ 
trolled  element  and  display  blocks  constitute  the  machine,  whereas  all  the  remaining 
detail  reflects  the  man*  / 

Starting  at  the  far  right  Is  the  neuromuscular  actuation  system*  Because  the  man- 
machine  system  depicted  here  Is  operating  on  random-appearing  signals  which  have  essen¬ 
tially  eeationary  statistics,  the  nearomuscular  system  is  fluctuating  about  an  operating 
point  which  in  general  corresponds  to  some  steady-state  or  average  tension*  This  Is 
graphically  illustrated  by  examination  of  the  average  and  differential  INC  signals  shown 


Figure  7.  Structural  Isomorphic  Modal  of  Man-Machine  system 
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TABLE  I.  EXPERIMENTAL  PROCEDURES  TO  EVOKE  HUMAN  OPERATOR  BEHAVIORAL  CHANGES 


PROCEDURE  (EFFECTS) 

BEHAVIORAL  MODIFICATIONS  (EXAMPLES) 

Controlled  Eleaent 

Ad  jus taent 

Equalization  changes  and  eesoclated  tlae  delay  Increaents 

Manipulator  Modification 

Scaling  of  Joint  aoveaent  end  force  ranges; 

Activation  of  proprioceptive  pathways 

Systea  Forcing  Function 
Changes 

Bandwidth 

Aaplltudes 

Additional  Visual 
Inputs 

Fine  tune  teak-induced  stress; 

Adjust  sversge  neuroauscular  tension  end  associated  tlae 
delay  Increaents; 

Operator  gain  (for  aaplltudes  near  Indifference  threshold) 
Scanning,  operator  gains  as  effected  by  parafoveal  end 
foveal  viewing 

Excitation  of  Additional 
Modalities 

Activation  of  additional  Internal  pathways  (e.g.,  vestibular, 
kinesthetic)  end  consequent  equalisation  changes 

External  Envi ronae ntel 
Modification 

Change  task-induced  stress; 

Differentially  change  soae  Internal  subsystea  dynaalcs 

Drug* 

Modify  operator-centered  variables; 

Differentially  effect  various  Internal  signal  pathways 

In  Pig*  3b.  Consequent ly ,  the  dynaalc  operations  of  auscles,  which  can  act  only  In  con¬ 
traction,  can  be  treated  as  positive  or  negative  fluctuations  of  many  agonls t/antagonla t 
pairs  about  a  steady  tension  bias  value.  This  pcralte  a  great  slapllf lest  Ion  In  depict¬ 
ing  the  dynaalc  essentials  In  terns  of  a  block  dlagraa.  The  forward  path  of  the  neuro- 
auscular  systea  shown  Includes  enaeables  of  ausclea  operating  on  coupled  skeletal  and 
aanlpulator  dynaalcs.  The  feedback  path  sensors  operating  at  the  spinal  level  are 
prlaarlly  spindle  and  Golgi  tendon  organs.  Because  the  Individual  actions  of  specific 
sensors  are  difficult  to  separate  in  the  Intact  huaan  the  systea  shown  has  a  feedback 
aleaent  labeled  as  spindle/tendon  organ  enaeables.  The  spindle  characteristics  may  very 
well  be  predoalnant  for  the  saall  notions  and  relatively  light  forces  involved  In  aost 
of  the  aeasureaents  thus  far  accoapllshed .  The  effective  dynaalcs  of  the  closed-loop 
neuroauscular  systea  froa  the  alpha  aotor  neuron  coaaand  signals  to  aanlpulator  force 
can  be  approxlaated  over  a  wide  frequency  range  by  the  third-order  transfer  function 
shown.  This  fora  Is  also  coapatlble  with  saall  perturbation  dynaalcs  based  on  experl- 
aentally  verified  analytical  aodels  of  auscle  and  aanlpulator  characteristics  (Refs.  9, 
10).  The  paraaeter  values  are  strongly  dependent  on  the  steady-state  neuroauscular  ten¬ 
sion,  y0,  due  to  the  geaaa  aotor  systea.  The  gaaaa  coaaands  also  affect  the  dynaalcs  of 
the  spindle  enseables  and,  in  fact,  provide  another  pathway  (not  shown)  capable  of 
actuating  the  neuroauscular  systea  via  the  spindle  enseables.  These  features  are 
pictured  by  the  arrows  Indicating  variation  In  the  Z88  and  P,p  factors  In  the  neuro- 
■uscular  systea  feedback  block  and  In  the  y and  y0  inputs. 

This  rudiaentary  level  of  neuroauscular  actuation  systea  description  Is  a  alnlala  to 
have  value  even  In  gross  physiological  descriptions.  It  Is  an  essential  feature  in  the 
study  of  huaan  pilot  characteristics  In  vibratory  envlronaents  (Ref.  11)  and  la  also 
often  needed  for  the  study  of  llab/aanlpwlator  systea  dynaalcs  In  aircraft  control 
(e.g. ,  Refs.  12,  13).  For  aany  other  aan-aachine  systea  applications,  however,  the 
neuroauscular  actuation  dynaalcs  are  so  high  In  frequency  as  to  be  relatively  unlapor- 
tant  in  their  details.  In  these  cases,  a  pure  tine  delay,  Tna,  or  a  first-order  lag  can 
be  used  as  a  low-frequency  approxlaatlon. 

The  neuroauscular  actuation  systea  described  thus  far  Is  appropriate  when  the  aanl¬ 
pulator  Is  restrained  by  a  stiff  spring  and  the  control  actions  involve  very  little 
Joint  aoveaent.  When  significant  joint  aoveaents  are  present,  proprioceptive  pathway 
eleaents  enter  into  the  neuroauscular  actuation  systea  dynaalcs.  These  derive  froa 
several  sources,  the  aost  laportant  being  peripheral  vision  and  Joint  receptors  in  the 
llab.  These  feedbacks  act  through  higher  centers  and  thereby  exhibit  larger  response 
tlae  delays.  When  they  are  present,  the  neuroauscular  actuation  systea  bandwidth  way  be 
reduced  significantly. 

Proceed  now  to  the  sensory  aechanlsas  at  the  far  teft  of  the  huaan  operator.  A  good 
deal  of  the  detail  In  the  visual  pathway  Is  intended  to  eaphaslse  tha  parallel  opera¬ 
tions  of  parafoveal  and  foveal  vision  and  the  control  of  aye  aoveaents.  An  laportant 
feature  of  the  visual  pathways  Is  that  essentially  continuous  signals  froa  a  particular 
display  aleaent  can  be  available  to  the  operator,  by  virtue  of  the  parallel  foveal  and 
parafoveal  pathways,  even  when  the  eye  is  scanning.  The  essence  of  past  work  In  nan- 
aaehlne  ayeteas  involving  aany  displays  (Refs.  I,  14-18)  shows  that: 


2-10 


1.  A  fairly  stationary  scanning  strategy  evolves  for  a  given  task  and  display 
array. 

2.  Tha  oparaeor*a  output  control  aotlooa  are  auch  aore  contlououa  than  a  dlacrete 
sampling  of  input  algnala  coincident  with  foveal  eye  fixations  would  laply. 

3.  The  first-ordsr  effecta  of  acannlng  are  to  reduce  gain  and  increase  reanant  In 
the  acanned  channel*. 

The  degree  of  gain  reduction  dependa  on  parafoveal  viewing  angle  and  relative  parafoveal 
to  foveal  dwell  tinea. 

The  other  aenaory  element*  are  veatlhular  and  kinesthetic  (kef a.  19-23),  which  are 
preaent  when  the  pilot  ia  aovlag,  aa  in  a  aaneuvering  airplane  or  a  aovlng  baae  slmu- 
tator.  The  pilot  contain*  neurological  eleaenta  capable  of  aeaalng  rotary  and  linear 
acceleration*.  The**  are  primarily  in  the  veatlbular  apparatus ,  although  other  aenaora 
and  pathway*  can  alao  be  involved.  The  rotary  notion  feedback*  uaually  associated  with 
the  semicircular  canala  act  like  signals  from  a  highly  overdamped  angular  accelerometer. 
Over  the  frequency  range  from  about  0.2  to  10  rad/sec  the  output  algnal  la  proportional 
to  angular  rate,  so  the  aenaor  can  function  a*  a  rate  gyro.  For  prolonged  steady 
turning  the  sensor  washes  out;  thus,  spurious  sensations  occur  in  steady  rotations  or 
when  the  turning  notion  stops.  This  pathway  haa  a  threshold  on  the  order  of  1-2  deg/ 
sec.  Because  the  rotary  notion  aeneing  apparatus  gives  rise  to  an  angular-rate-llke  cue 
directly,  any  need  for  generating  angular  rate  Information  by  means  of  a  lead  equalised 
visual  cue  nay  be  reduced.  This  feedback  can  alao  be  thought  of  as  an  inner  loop  which 
tends  to  reduce  the  effective  operator  tine  delay  In  the  visual  pathway.  For  Instance, 
in  terns  of  crossover  model  characteristics,  the  presence  of  rotary  notion  can  reduce 
the  effective  tine  delay  for  otherwise  visual  tasks  by  as  much  as  0.1  sec. 

The  other  functional  operation  of  the  vestibular  and  kinesthetic  pathways  is  the 
provision  of  the  "nystagmus  crossfeeds**  to  the  oculomotor  system.  These  produce  invol¬ 
untary  eye  motions  as  a  function  of  the  excitation  of  the  vestibular  apparatus.  These 
eye  movements  can  be  helpful  in  properly  directing  the  gate,  although  many  of  their  most 
interesting  properties  involve  their  effects  in  disorientation  and  Illusions.  The 
notion  effects  which  conflict  with  th*  visual  modality  can  seriously  distort  the  opera- 
tor's  perception  of  the  state  of  affairs  and  can  be  so  severe  as  to  affect  the  human's 
control  capacity. 

Turn  now  to  the  central  elements.  As  shown  there,  the  operator  can  develop  a  neuro¬ 
muscular  system  input  command  which  is  the  summation  of  a  lag,  proportional,  lead,  and 
double-lead  function  of  the  system  error.  The  lag  and  proportional  channels  have  a 
basic  tine  delay,  tc ,  associated  with  them.  The  higher  derivative  channels  have  addi¬ 
tional  Incremental  delays.  These  incremental  tine  delays  constitute  the  dynamic  cost  of 
lead  generation.  They  are  about  1/5  sec  for  rate,  xg,  and  greater  than  1/2  sec  for  the 
acceleration  channel,  xA.  The  proportional,  rate,  and  acceleration  equalisation  Is 
shown  as  separate  parallel  channels  primarily  because  of  their  respective  latency  dif¬ 
ferences.  This  Independence  of  these  channels  Is  oversimplified,  for  common  neuro¬ 
logical  apparatus  Is  undoubtedly  present  for  each  function.  These  common  elements  are 
modeled  here  by  the  central  processing  and  Integration  block  preceding  the  visual 
channel  and  the  motor  command  integrative  mechanisms  succeeding  it.  Besides  the 
different  time  delays,  the  other  evidence  for  parallel  channels  Is  the  difference  In 
response  quality  as  a  function  of  the  low-frequency  equalisation  supplied  by  the 
operator.  For  example,  when  very-low-frequency  leads  are  present,  as  if  operation*  were 
through  the  rate  or  acceleration  channels,  the  operator's  output  tends  to  be  more  dis¬ 
crete  and  pulselike  than  when  little  or  no  lead  is  required. 

The  channel  gains  and  the  time  constant  Tj  are  all  shown  as  variable  quantities. 
These,  in  conjunction  with  the  neuromuscular  system  variations  with  y0»  constitute  the 
principal  adaptive  changes  in  the  operator  characteristics  as  display,  controlled 
element,  and  environmental  conditions  change.  For  a  given  controlled  element,  these  are 
of  course  adjusted  such  that  the  crossover  model  applies  over  Its  frequency  range  of 
validity.  Thus,  the  extremely  complicated  structural  isomorphic  model  reduces  to  the 
visual  and/or  vestibular  equalisation  actually  present  and  with  neuromuscular  dynamics 
as  pertinent  to  the  task.  When  a  higher  degree  of  exactitude  is  required,  the  struc¬ 
tural  isomorphic  model  Is  adjusted  via  a  series  of  anelytical/verbal  rules  which  take 
Into  account  the  details  of  the  task  variables.  A  version  of  these  rules  is  summarised 
below. 

Iqomlftsmtlom  Selection  amd  Adjestmemt 

For  aircraft  applications  a  particular  equalisation  Is  selected  from  the  general 

form 

♦  o 

(Tii-T-ir 


that  th.  folle.la,  ,r.,.rtl«.  oht.lai 

(a)  The  system  cam  be  stabilised  by  proper  selection  of  gain,  preferably  over  a 


(b)  Over  a  considerable  frequency  range  la  the  unit  gain  crossover  region  (that 
frequency  bend  centered  on  the  crossover  frequency,  a),  the  open-loop  des¬ 
cribing  function  |TjTc(Jn)|  approximately  e  -20  di/decade  slope. 


Vr 


■V-Sv 
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(e)  | Y  Tc(j  *)|  >>  1  at  low  frequencies  to  provide  good  low-f rsqusacy  closed-loop 

response  to  systeu  forelag  fuactloaa  (coiaandi). 

Examples  of  fora  aalaetloa  aad  baalc  adjustment  ara  provided  la  Table  2. 

flat  ItUf  Adjustment 

Examples  of  tlaa  delay  adjustment  appropriate  for  aircraft  ara  llatad  la  Table  3. 
The  vleual  lag  aad  proporeloaal  channels  have  a  baalc  (aialauo)  tlae  delap,  ry,  of 
0.1  aee  aaaoclated  with  either  or  both  of  thea  when  all  other  effecta  (a.g.,  aotloa 
aenelng,  foil  llab/aanlpulator  aeuroauacular  ayatea,  and  dlaplay  coaputat lonal  laga)  are 
repraaaated  aeparataly;  ry  ahould  be  laeraaaed  to  0*2  aec.  If  fixed-base  operatloaa  are 
being  conaldered  with  vleual  lag  and/or  proportional  equallsat loa,  full  aeuroauacular 
ayatea  aad  aaparate  dlaplay  effecta*  If  the  aeuroauacular  ayatea  can  be  approximated  by 
a  pure  delay,  add  TRH  to  t  ,  where  exaaplaa  of  valuea  for  Thu  are  given  In  Ttble  3*  The 
vleual  lead  equalisation  has  an  additional  iacraaental  delay.  Thle  lncreae ital  tlae 
delay  conatltutea  the  dynaalc  coat  of  pilot  lead  generation  in  the  visual  aodallty. 

Crossover  frequency  with  fail  Attention 

The  factors  Involved  in  estlaatlng  crossover  frequency,  »c,  with  full  attention  to 
control  activity  conaiat  of  the  following: 

(a)  leetaagular  aad  quasi-reetamgwlar  forelag  foaetftoa  apeetra  (discrete  power* 
spectral  densities  that  are  essentially  rectangular  and  low-pass  continuous 
spectra  with  a  High-frequency  cutoff  equivalent  to  a  third-  or  higher-order  lag 
filter). 


(1)  Basic  crossover  frequency,  •  The  basic  crossover  frequency  for  quasl- 
rectangular  forcing  functlo^  spectra  is  found  by  adding  the  phase 
angle,  -wt0,  due  to  the  base  effective  tlae  delay,  to  the  phase  angles  of 
the  controlled  eleuent  and  the  previously  estlaated  Y  equaliser 
characteristics.  Estimates  for  wc  and  the  associated  pilot  gain  are  then 
aade  froa  the  conditions  for  neutral  stability. 


(5) 


(2)  These  margin,  The  phase  margin  for  this  forcing  function  category 

corresponds  to  an  lncreuental  time  delay.  At  (  «.  )• 

e  xe 

J  «••<>«  -1.)  %  C6> 


(b)  Low-pa.,  wltb  •  roll-off  of  1...  that  chlr4-or4or  aod  (oholf-t,,*) 

ccitlHfffl  la, at  a,aet ra. 


(1)  Coatlaaoaa  attaatloa  rmiat.  Approximation*  to  tha  foraa  of  Injected 
raanant ,  *nn-  ,  when  reflected  to  the  pilot's  input  signal  under  conditions 
of  continuout  attention  were  shown  In  n,.  6. 


(0.!  to  0.S) 

r.1  ~  3yi ' 


(0.1  to  0.5) 

(.2  ♦  ll 


where  integral  and/or  proportional 
equalisation  are  used 


where  lead  equalisation  la  used 


(7) 


ahara  oj  -  £  *  ♦,.(»><!« 

(2)  RmIiiI  eras sever  frequency,  w  .  With  equalisation  and  effective  time 
delay,  t#i  selected  as  above,  the  nominal  crossover  frequency,  i^,  and 
associated  pilot  gain  is  estimated  froa  the  condition  to  provide  minimum 
mean-squared  error  in  the  presence  of  the  appropriate  fora  of  continuous 
attention  remnant  in  Item  (b)(1)  above.  The  nominal  cnees  (continuous 
remnant  magnitude  set  to  the  geometric  mean  of  the  values  cited  above) 
are: 

Be  filet  Lead:  0.783 

Low-frequency  Pilot  Lead:  0.882 


where  m^  is  the  maximum  full  attention  crossover  frequency  at  the  dynaalc  stability 
limit  corresponding  to  sero  phase  margin  ( 4^  -  0).  Thus  •  t/2te. 


TABLE  2.  TYPICAL  PILOT  EQUALIZATION  CHARACTERISTICS 


CONTROLLED  ELEMENT 
EXAMPLE  OP  APPtOXIMATE  TKANSFEB 
CONTKOLLED  FUNCTION  IN  CROSSOVER 
ELEMENT  REGION 


P«rf«ct  ACAN 


_ EQUALIZER  ADJUSTMENT _ 

PILOT  LOW-  MID-  HIGH 

EQUALIZER  FREQUENCY  FREQUENCY  FREQUENCY 

FORM  (»  <<  «,.)  ((^REGION)  («>  «^ ) 


T,  to  partially 
off  sac  t  ♦  TMM 


Rate  Coaaaad 

«c/j« 

High- 

Frequency 

Lead 

Lateral 

Course 

D1 splaceaent 

Kc/<1  «>  2 
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(c)  Reainal  ero soever  (rMMiey  rtgrttsloa.  When  near*  or  btcoM*  greater  than 

0.8  «c  for  the  quaal-rectangulsr  forclag  function  cate  or  when  ia 

greats?  than  l  for  the  low-pass  and  augaanted  low-pa**  spectra,  then  the*croso- 
over  frequency  regresses  to  values  auch  lower  than  «c  and  «c,  respectively. 

(d)  howl eel  crossover  froqaeacy  iavarlaaca  properties. 

(1)  *  -  le  Independence.  After  Initial  adjustaent.  changes  In  controlled 

eleaent  gain.  K£ .  are  offset  by  changes  In  pilot  gain.  Rp,  l.e. .  noalnal 
crossover  frequency.  wc,  Is  lnvarlent  with  Rc. 

(2)  *  -  si  Independence.  Noalnal  crossover  frequency  Increases  only  slightly 

with  forcing  function  bandwidth  until  crossover  frequency  regression 
occurs. 

(e)  Threshold  properties.  With  very  low  stlaulus  aaplltudes.  a  threshold  charac¬ 
teristic  should  be  Included  In  series  with  the  pilot's  describing  function. 
Also,  when  full-attention,  nearly  continuous  control  actions  are  not  required, 
an  indifference  threshold  Is  likely  to  be  present.  loth  of  these  lower  »c  froa 
what  would  be  estlaated  using  the  above  adjustaent  rules. 

The  uc  regression  phenoaenon  aentloned  In  the  adjustaent  rules  refers  to  a  reduction 
of  pilot  gain  and,  hence,  of  crossover  frequency  when  the  forcing  function  bandwidth 
becoaes  too  large.  The  reason  for  this  Is  best  described  by  referring  to  the  relative 
nean-equared  error  plotted  In  Fig.  8  for  the  crosaover  aodel  subjected  to  a  rectangular 
forcing  function  spectrua.  If  the  ratio  u^/we  Is  lass  than  about  0.8.  an  increase  In 
noraallsed  gain  (r#wc)  will  result  In  a  decrease  In  noraallsed  aean-squared  error.  When 
this  approxlaate  Inequality  Is  reversed,  the  noraallsed  aean-squared  error  can  becoae 
greater  than  l  as  gain  is  increased.  The  trend,  therefore,  for  high  forcing  function 
bandwidth*  te  to  reduce  gain.  This  regression  effect  has  practical  consequences  when¬ 
ever  the  pilot  is  required  to  track  broadband  signals. 

The  adjustaent  rules  given  above  are  generally  adequate  for  the  pilot's  lower- 
frequency  dynaalcs  In  tasks  with  spring-restrained  aanlpulatora •  The  higher-frequency 
properties  due  priaarlly  to  the  neuroauscular  actuation  systea  are  Included  only  to  the 
extent  that  THW  is  a  coaponent  of  t#. 

The  neuroauscular  systea  dynaalcs  will  change  aarkedly  as  the  aanlpulator  load 
dynaalcs  are  aodlfled.  One  of  the  aost  Important  of  these  possible  aodlf lest  Iona  is 
reduction  in  stiffness  of  the  spring  restraints.  This  le  a  coaaon  feature  of  aileron 
controls,  as  opposed  to  elevator  and  rudder  controls.  When  the  spring  forces  are  light, 
the  aanlpulator  approaches  the  free-aovlng  (Isotonic)  extreae.  In  these  cases,  the 
pilot  aust  supply  proprioceptive  feedbacks  that  introduce  Into  the  neuroauscular  systea 
dynaalcs  additional  delays  that  are  not  present  with  the  lsoaetrlc  situation.  Available 
data  froa  Refs.  10.  24,  25  Indicate  that  the  effect  of  this  proprioceptive  feedback 

required  of  the  pilot  when  the  aanlpulator  la  free-aovlng  Is  to  Increase  the  effective 
tine  delay  by  approxlaately  0.1  sec.  This  can  be  added  directly  to  the  previously  dis¬ 
cussed  tiae  delay.  x0»  It  saounts  to  an  additional  tlae  delay  coat  incurred  by  forcing 
the  pilot  to  close  a  positional  loop  about  the  aanlpulator. 

For  soae  configurations  of  aanlpulator  and  effective  vehicle  dynaalcs,  the  higher 
frequency  characteristics  of  the  neuroauscular  systea  can  be  laportant.  In  particular, 
the  peaking  tendency  associated  with  the  second-order  aode  in  the  llab/aanlpulator  block 
of  Fig.  7  can  be  sufficiently  large  to  aake  a  higher  frequency  gain  aargln  (in  the  fre¬ 
quency  range  froa  2  to  3  Ns)  negligible  or  even  negative.  Whether  this  will  lead  to  an 
instability  will  depend  on  the  accoapanylng  phase.  Such  very  high  frequency  pilot- 
effective  vehicle  oscillations  as  "roll  ratchet"  can  be  caused  by  this  coupling.  The 
detailed  nature  of  the  peaking  tendency  is  a  very  strong  function  of  the  aanlpulator  and 
the  rest  of  the  controlled  eleaent  dynaalcs.  The  peak  can  be  "tuned"  to  a  aaxlaua  or 
alnlaun  by  the  presence  of  just  the  right  aaount  of  controlled  eleaent  lag.  Thus,  for 
exaaple,  a  pure  Tfi  -  K/s  will  have  little  if  any  peaking  while  a  Yc  -  K/*(T*  +  1),  with 
T  about  0.1  sec.  will  have  a  great  deal.  The  known  connections  are  all  eaplrlcal; 
therefore,  the  reader  Is  referred  to  Refs.  12  and  13,  which  present  all  of  the  available 
data. 


Another  "structural  aodel"  of  the  huaan  pilot  has  been  fruitfully  applied  to  flying 
qualities  probleas  (Refs.  26-29).  This  aodel  aekes  aost  of  the  adjuotaente  of  the  pilot 
equalisation  vie  feedback  pathways  instead  of  in  the  forward  loop,  and  the  "isoaorphlc" 
features  are  not  aodeled.  A  good  deal  of  effort  has  been  spent  on  validation  with  the 
existing  data  base,  and  with  developing  connections  with  pilot  ratings  via  the  theory  of 
Ref.  29. 

Raving  coapleted  this  review  of  the  st ructural-lsoaorphic  and  crossover  pilot  aode Is 
for  full  attention  situations,  we  next  exaaine  relationships  between  pilot  workload  and 
pilot  dynaalce  which  will  help  to  treat  divided  attention  situations  involving  control 
operations. 


2-14 


•IVIMD  ATTMTIOB  P ILOT-TIHICLK-TASK  MODEL 

The  pilot  Is,  In  general,  Involved  in  two  types  of  operations  —  control  tasks  and  a 
diverse  combination  of  monltorlng/supervlslng/communlcating/data-gatherlng/declslon- 
■•king  activities  referred  to  as  "managerial”  tasks.  Vhlle  the  pilot*#  attention  Is 
"divided”  between  the  "control”  and  "aanagerlal”  tasks,  these  are  often  perforaed  nearly 
simultaneously  as  parallel  processing  operations.  Neither  type  of  task  Is  necessarily 
primary  or  secondary. 

In  the  most  complex  or  demanding  mission  phases,  the  two  task  categories  may  require 
all  of  the  pilot's  available  ettentlon.  These  high  workload  misalon  phasea  have  a  major 
Impact  In  design,  because,  as  tasks  that  are  critical  for  either  control,  decision 
making,  or  human  error  potential,  they  provide  the  context  In  which  system  roles  are 
establlahed  and  human  and  equipment  resources  are  allocated. 

The  managerial  tasks  often  result  in  discrete  action  sequences.  For  many  of  these, 
the  skilled  and  experienced  pilot  has  developed  a  nearly  routine,  highly  rehearsed, 
response  repertoire  to  meet  normal  and  many  unusual  demands.  These  types  of  nearly 
automatic  action  sequences  are  subject  to  "slips”  of  intention  or  execution,  also 
referred  to  as  "absent-minded  errors.”  A  commonly-cited  example  of  a  slip  Is  the 
pilot's  failure  to  lower  the  landing  gear  or  flaps  due  to  distractions  like  voice  com¬ 
munications  and  in-cockpit  warning  alarms.  Current  studies  of  cognitive  behavior, 
associated  with  human  error  (a.g.,  kef.  10),  emphasise  thst  slips  are  most  likely  to 
occur  under  divided  attention  conditions. 

for  a  given  situation,  the  minimum  divided  attention  level  will  be  establlehed  by 
the  control  tasks.  Consequently,  we  need  a  divided  attention  model  for  control  opera¬ 
tions.  The  model  should  provids  such  results  as: 
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•  Th#  nature  of  control  task  performance  degradation  due  to  divided  attention 

•  An  indication  of  the  attentlonal  demands  required  for  various  levels  of  control 
activity  and  the  excess  capacity  left  for  managerial  tasks. 

An  elementary  model  suitable  for  such  purposes  Is  summarised  below.  It  places  heavy 
emphasis  on  both  the  attentlonal  demands  for  control  tasks  and  the  excess  capacity  left 
for  managerial  tasks.  These  are  quantitative  Indices.  The  attentlonal  demand  for  con¬ 
trol  la  equal  to  the  average  "control  dwell  fraction"  <0  <  n  <  1)  ,  while  the  "excess 
capacity"  left  over  for  other  operations  Is  the  average  "control  Interrupt  fraction" 
(1-n).  The  control  Interrupt  fraction  Is  therefore  also  termed  the  "managerial  dwell 
fraction." 

The  theory  of  divided  attention  operations  can  be  considered  as  an  extension  to  the 
well-established  theory  of  display  scanning  and  signal  sampling /reconstruct ion  (Refs.  1, 
15,  and  31).  In  the  control  task,  the  human  pilot's  behavior  can  again  be  characterised 
in  mathematical  terns  by  describing  functions  that  depend  on  the  effective  dynamics  of 
the  aircraft  being  controlled,  the  dynamics  of  the  pilot-vehicle  interfaces  (displays 
and  controllers),  and  a  "remnant."  These  two  components  are  depicted  in  the  block  dia¬ 
gram  of  Pig.  9,  wherein  the  dynamics  of  the  effective  pilot-vehicle  system  are  charac¬ 
terised  by  the  crossover  model  described  previously.  Par  more  elaborate  models  of  the 
pilot  are  possible,  but  the  crossover  model  la  quite  adequate  to  characterise  matters  at 
the  level  needed  here. 

Recall  chat,  when  the  pilot's  full  attention  is  focused  on  the  control  task,  the 
crossover  frequency,  »c ,  of  the  pilot-vehicle  system  Is  maximised  consistent  with  near 
minimum  mean-squared  error.  The  closed-loop  performance  lsaue  la  handled  by  a  minimisa¬ 
tion  process  that  arises  from  s  compromise  in  following  the  command  input  while  reducing 
the  relative  influence  of  the  remnant.  The  remnant  In  full  attention  operations  la  a 
broadband  random  procaas  that  can  be  considered  aa  a  pilot-induced  noise. 

When  managerial  taaks  are  also  considered,  both  the  describing  function  and  the 
remnant  characterising  the  pilot's  control  behavior  will  be  affected  by  the  divided 
attention  nature  of  the  pilot's  total  opsratlons.  The  describing  function  and  remnant 
will  be  modified  to  eccount  for  the  additional  signal  processing  or  supplementary  paral¬ 
lel  sensing  needed  to  continue  control  operations  while  the  pilot  Is  attending  to  the 
managerial  tasks.  Depending  on  the  specific  details,  these  modifications  may  reduce  the 
effective  pilot  gain,  add  to  the  effective  time  delay,  and/or  Increase  the  Injected 
noise.  Thus  the  system  crossover  frequency  will  be  reduced  simultaneously  with  an 
Increased  contribution  of  noise  to  the  uncorrelated  system  error.  Roth  effects  will 
cause  the  precision  of  control  task  performance  to  be  reduced  from  a  full  attention 
baseline.  Similar  modifications  to  the  pilot -vehicle  dynamics  are  made  even  with  full- 
*  t  tendon  control  operations  when  the  visual  cues  are  modified  to  call  for  divided 
visual  attention,  for  example,  in  changing  from  head-up  visual  meteorological  conditions 
(VMC)  to  the  head-down  Instrument  panel  scanning  needed  for  manual  approach  In  INC  oper¬ 
ation#. 


Yc  *  Effective  dynamic*  of  vehicle  (e.g.,  aircraft  plus  stability 
augmentation  plus  displays) 

Yp  *  Full  attention  pilot  describing  function 

Y„  *  Perceptual  describing  function  to  account  for  divided  attention 

«c  1  System  crossover  frequency 

r*  *  Overall  pilot- vehicle  system  effective  totency 

4>m  ■  System  phase  margin  (w/2  -  r«wtl 

♦no  *  Processing  remnont  spectrum  (n*  ~  t*) 

e*  «  Mean  squared  system  error 

/Vote;  eft)  is  "error"  and  subscript  V* in  r#  is  m effective” 

Figure  9.  Pilot-Vehicle  Systen  for  Divided  Attention  Control  Took 
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In  the  divided  attention  situations  of  primary  Interest,  it  is  assumed  that  the 
pilot  has  been  veil  trained  In  the  control  and  managerial  tasks  Involved.  His  attention 
is  allocated  among  control  and  managerial  taaks  In  which  information  la  simultaneously 
gathered  from  several  "perceptual  fields."  These  fields  may  Include: 


Visual  "Segments" 

Foveal 

Parafoveal 

Peripheral 

Proprioceptive  "Segments" 
Vestibular 
Joint  receptors 
Stretch  receptors 
Pressure  receptors 
Etc. 

Aural  "Segments" 

Tactile  "Segments" 


Parallel  Pathways 


|  Parallel  Pathways 


and  others.  The  word  "segment"  la  intended  to  convey  the  properties  of  extent,  thresh¬ 
olds,  input/output  dynamics,  etc.,  that  charactarlse  the  particular  sensory  modalities 
involved  as  they  are  integrated  Into  useful  perceptual  signal  aourcea.  The  easiest  to 
descrlb#  sre  the  visual  perceptual  field  segments,  which  can  be  divided  on  s  physio¬ 
logical  basis  Into  foveal,  parafoveal,  and  peripheral  pathways.  Besides  the  differing 
spatial  (geometric)  extent  of  these  segments  there  are  also  differences  In  threshold, 
dynamic  properties,  contrast  background,  etc.--all  the  bewildering  complexities 
associated  with  vision  In  its  myriad  details*  For  our  purposes  here,  the  key  point  to 
understand  is  that  a  visual  "display"  can  be  attended  to  not  only  with  the  foveal  seg¬ 
ment  but  also  with  the  parafoveal.  Thus  a  control  task  not  requiring  the  high  acuity 
property  of  foveal  vision  could  Involve  sharing  between  the  foveal  and  parafoveal  path¬ 
ways  for  control,  with  attentional  adjustments  of  the  foveal  pathways  between  the  con¬ 
trol  operations  and  elsewhere  (e.g.,  reading  information,  conducting  visual  search, 
ate.).  The  "perceptual  scanning"  process  in  this  case  is  the  "switching"  of  the  input 
signals  for  the  pilot's  control  task  from  the  foveal  plus  parafoveal  to  the  parafoveal 
alone  pathways. 


"Perceptual  scanning"  la,  of  course,  more  general  than  the  simple  shifts  between 
foveal  and  parafoveal  visual  pathways  serving  to  provide  continuous  Information  to  the 
pilot  from  a  visual  display.  All  of  the  other  perceptual  fields  for  each  input  modality 
are  also  operating  more  or  leas  continuously  and  providing  signals  that  impinge  on  the 
pilot's  sensorlum.  Although  all  of  these  data  Inputs  are  present,  they  are  not  neces¬ 
sarily  acted  upon  simultaneously.  However,  in  the  highly  trained,  unimpaired  pilot,  the 
Inputs  delivered  from  several  perceptual  fields  may  be.  In  some  sense,  "operated  on"  in 
parallel  all  of  the  time.  One  feature  of  "impairment"  is  a  reduction  In  this  capacity 
of  parallel  or  nearly  simultaneous  operations  in  different  input  channels. 

A  related  concept  needed  here  is  that  of  "attention,"  adding  to  the  ability  to  sense 
and  perceive  stimuli  a  readiness  to  respond  to  selected  stimuli.  By  analogy  with  visual 
perception,  we  can  conceive  of  an  attentional  field  having  a  principal  focus  and  bor¬ 
ders.  Attentional  fields  have  both  spatial  and  intensive  aspects.  Thus  Inattention  or 
Impaired  attention  can  result  In  a  narrowing  of  the  spatial  borders,  an  increase  In  the 
minimum  stimulus  needed  to  cause  an  operator  output,  or  both.  A  common  example  Is  "tun¬ 
neling"  of  vision  ("gunslght  vision”)  wherein,  under  highly  stressful  conditions,  the 
visual  perceptual  field  la  narrowed.  As  far  as  active  pilot  control  processes  are  con¬ 
cerned,  the  perceptual  scanning  and  attentional  field  features  sre  joined;  that  is,  all 
manner  of  perceptual  inputs  are  impinging  on  the  pilot  at  any  one  time,  but  the  atten¬ 
tional  foci  serve  to  activate  selected  perceptual  fields  as  sources  of  control  or 
managerial  task  "signals." 

The  pilot's  primary  attention  may  be  shifted  from  one  signal  source  to  another  in 
the  course  of  conducting  a  particular  mission  phase.  Tet,  when  a  control  task  Is 
involved.  It  must  be  attended  to  from  time  to  time.  So,  too,  for  the  managerial 
tasks.  In  the  course  of  operational  training,  the  pilot  learns  to  switch  primary  atten¬ 
tion  from  one  task  element  and/or  perceptual  segment  to  another,  and  then  another,  and 
back  to  the  fleet,  etc.  This  is  conveniently  thought  of  as  a  perceptual  scanning 
procsss.  Whan  the  pilot  finally  becomes  skilled  In  the  operational  scenario,  the  scan¬ 
ning  behavior  over  the  task  duration  exhibits  certain  stable  properties  In  a  statistical 
sense.  For  Instance,  the  proportion  of  the  time  spent  on  a  particular  Input-gathering 
chore,  the  dwell  times  on  certain  instruments,  and  the  total  time  before  prominent 
features  of  the  scanning  process  are  repeated  tend  to  develop  stable  probabilities. 
This  Is  not  to  say  that  the  scanning  is  either  periodic  or  uniformly  sequential  (l.e., 
from  "A"  to  "B"  to  "C"  and  back  every  time)  but  rather  that  cyclical  activity  Is  present 
In  the  perceptual  scanning  process. 
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Control  tasks  conducted  under  divided  attention  conditions  both  in  flight  and  labor¬ 
atory  research  have  shown  that  the  coverage  of  elements  (e.g.,  Instruments  or  perceptual 
fields)  In  a  given  array  of  Input  sources  has  a  definite  average  frequency  and  cor¬ 
responding  mean  sampling  interval,  Ta ,  albeit  with  appreciable  variance*  The  mean  "con¬ 
trol  dwell  time,"  Td ,  Is  the  time  spent  on  information  sources  needed  for  control  pur¬ 
poses.  Its  duration  depends  on  what  information  has  to  be  extracted*  The  ratio  of 
these  two  times  gives  the  "control  dwell  fraction*"  n  ■  T^/ Tg ,  which  indicates*  on  the 
average*  the  proportion  of  the  total  control  plus  managerial  task  scanning  time  interval 
required  by  the  control  task. 

The  Information  transfer  characteristics  of  the  divided  attention  attributes  of  the 
human  controller  may  be  modeled  as  a  quasl-1 Inear  *  random-input  "perceptual  describing 
function,"  Yh.  Thia  multiplies  the  f ul 1 -a 1 1 ent 1  on  (continuous  control)  human  describing 
function(s),  Y  ,  to  provide  the  describing  function(e)  for  the  human  pilot's  control 
act lvl t ies. 

The  simplest  way  to  develop  an  internal  signal  from  a  finite  duration  sampled  Input 
Is  to  act  proportionally  to  the  sampled  signal.  Then,  during  the  fixation  period,  T*  * 
the  pilot's  output  would  be  proportional  to  the  perceptual  Input  being  sampled*  while 
outside  the  fixation  period*  It  will  be  aero  (see  Fig*  10,  lines  a  and  b).  The  des¬ 
cribing  function  is  based  on  the  best  linear  fit  of  the  output,  In  the  mean-squared 
sense.  For  this  simple  finite  dwell  time  sampling,  the  perceptual  describing  function 
la  just  the  dwell  fraction  Itself*  Yh  -  n*  The  "remnant"  accounts  for  all  of  the 
pilot's  higher  frequency  power  not  linearly  connected  with  the  Input.  The  describing 
function  and  remnant  are  shown  on  line  c  of  Fig.  10  (Ref.  15).  lit  Is  Important  to 
emphasize  that  the  signals  shown  in  Fig.  10  are  highly  Idealized  for  clarity.  Every¬ 
thing  la  really  much  more  random:  the  signals  themselves*  the  dwell  times  (T^),  and  the 
sampling  Intervale  ( Ta  )  •  J 

From  Fig.  10  it  la  easy  to  see,  as  the  divided  attention  level  Is  changed  to  reduce 
the  control  dwell  fraction,  n*  that 

•  The  describing  function,  Y^,  la  reduced 

m  The  remnant  Is  Increased 

The  crossover  model  in  Fig.  9  shows  that  a  reduction  In  Y^  will  cause  a  concomitant 
reduction  In  the  pilot-vehicle  system  crossover  frequency,  wc*  For  the  crossover  model* 
u>c  is  also  the  pilot-vehicle  system  loop  gain.  This  is  directly  related  to  the  system 
phase  margin*  by 

«H  -  7  -  **<•  (8) 

where  Te  Is  the  overall  pilot-vehicle  system  latency,  so  the  reduction  in  uc  will  be 
reflected  in  increased  phase  margin. 

A s  can  readily  be  appreciated  from  the  above  discussion,  the  effects  of  divided 
attention  can  have  profound  consequences  on  the  pilot-vehicle  system  performance  In  con¬ 
trol  activities.  These  can  be  conveniently  summarized  by  the  Illustrative  case  sketched 
in  Fig.  It.  As  already  noted,  divided  attention  results  in  lower  crossover  frequency 
and  associated  Increased  phase  margin.  As  far  as  the  pilot-vehicle  system  dynamics  are 
concerned,  a  major  consequence  Is  a  significantly  increased  error  In  control  activ¬ 
ities.  As  shown  in  Fig.  11,  divided  attention  penalizes  the  error  performance  in  two 
ways : 

•  By  reduction  of  the  permissible  crossover  gain,  and 

•  By  a  major  Increase  in  the  remnant  due  to  the  divided  attention  (l.e«,  lack  of 
attention  to  the  control  tasks). 

Figure  11  shows  thst  the  full  attention  pilot-vehicle  system  error  begins  to 
Increase  only  as  the  dynamic  stability  limit  Is  approached;  at  lower  gains,  error  is 
reduced  as  gain  increases.  While  a  similar  trend  Is  shown  for  divided  attention,  the 
error  may  still  increase  without  bound  for  circumstances  where  there  Is  still  a  large 
dynamic  stability  margin.  This  Is  because  the  closed-loop  effect  of  divided  attention 
remnant*  the  power  level  of  which  scales  with  mean-squared  error  as  in  Weber-law  noise* 
causes  error  signal  instability  In  the  mean-squared  sense  (Refs.  15  and  32).  From  the 
analyst's  point  of  view,  this  property  of  control  tasks  with  divided  attention  requires 
a  larger  phase  margin  (even  more  stable  operation  of  the  control  task  than  with  full 
attention)  as  the  control  dwell  fraction  is  decreased. 

A  Weber-law  model  of  divided  attention  remnant  has  been  applied  to  the  error  signal 
lit  the  "crossover  law  model"  shown  in  Fig.  9  (Refs.  15,  33  through  36).  The  model  of 
divided  ettention  remnant  includes  factors  representing  average  attentlonal  dwell  time 
fraction  (on  the  control  task)  and  variability  thereabout.  A  quantitative  example  of 
the  effects  of  divided  attention  on  performance  Is  presented  in  Fig.  12.  In  Fig.  12a* 
the  abscissa  is  normalized  crossover  frequency  (analogous  to  Fig.  11),  while  Fig.  12b 
provides  the  same  deta  plotted  with  phase  margin  as  the  abscissa*  The  forcing  function 
is  white  noise  passed  through  a  third-order  Butterworth  filter  with  normalized  break¬ 
point  t€  *  0*25.  The  full  attention  condition  Is  the  lowest  curve  in  both  portions  of 
fig*  12*  The  divided  attention  conditions  that  govern  the  remnant  are  shown  as  families 
with  control  task  dwell  fraction,  n,  as  the  parameter.  In  this  example*  the  normalized 


Normalized  Crossover  Frequency,  u>c*>(rod/sec) 


control  dwell  Interval  is  aet  at  14/%  -  1,5,  and  the  nornallsed  lower  bound  on  the 
scanning  Interval,  4  ■  0.5, 

Figures  11  and  12  show  the  profound  effects  of  divided  attention  on  control  systea 
perfornance  particularly  eaphasialng  the  two  "stability  Units, N  The  first  Is  the  full 
attention  Halt  given  by  wy  -  »/2t#,  which  Is  approached  by  the  full  attention,  n  -  1 , 
curve.  The  second  is  the  "instability  in  the  aean  square."  This  is  associated  with  the 
Inequality  constraint 

F  .  I  -  pj  -  -4=-  <  1  (») 


The  bases  for  this  phenoaenon  and  other  divided  attention  analytlcel  relationships  will 
be  sunaarised  below. 

Note  that  eeaa-square  error  instability  occurs  at  progressively  Increasing  phase 
aarglns  as  the  attentlonal  dwell  fraction  on  the  control  task  decreases.  Furthermore, 
the  phase  aarglns  for  ainlaa  In  nornallsed  error  variance  are  even  greater,  and  the 
alnlaa  are  broad.  Typically,  the  "blow  up"  phase  aargln  Is  less  than  the  phase  aargln 
for  best  perfornance  by  10  to  16  deg.  Figure  13  puts  these  points  Into  context  by 
showing  the  phase  aarglns  for  the  blow  up  condition  ( F  »  1),  the  phase  aarglns  for  the 
alnlaa  (froa  Fig.  12),  and  the  phase  aarglns  for  a  value  of  error  coherence,  p“,  of  1/2 
(corresponding  to  F  -  0.5).  This  curve  coincides  alaost  exactly  with  the  alniaua  aean- 
squared  error  curve  when  the  control  dwell  fraction  is  less  than  1/2*  For  larger  con¬ 
trol  dwell  fractions,  say  froa  1/2  to  1,  the  phase  aargln  for  alniaua  aean-squared  error 
is  essentially  a  linear  function  of  dwell  fraction,  as  indicated  by  the  fit  on  Fig.  13. 

Analytical  foraulas  (derived  in  Ref.  34),  on  which  constructions  such  as  Figs.  12 
and  13  are  based,  ere  suaaarited  In  Table  4.  The  phase  aargln-dependent  function  X(  k|, 
t  /Tj)  [or  nornallsed  crossover  frequency-dependent  function  X( ,  t_/Td)J  Is  shown  In 
Fig.  14.  The  curves  are  given  as  faailles  with  two  paraaeters:  (a)  the  nornallsed  con¬ 
trol  dwell  tine  T./t^,  and  (b)  the  nondlaenslonal  variable  0t#,  where  0  -  2/Td.  The 
T./ra  -  0  (0Te  -  »)  curve  Is  the  slapllfied  function  A(p^).  As  phase  aargln  increases, 
this  becomes  a  reasonable  approxlaate  bound  for  the  aore  coaplete  function. 

One  of  the  aost  interesting  features  provided  by  the  foraulas  is  the  Halt  assoc¬ 
iated  with  the  fundaaental  constraint. 


Figure  13*  Effect  of  Olvlded  Attention  on  Fhaae  Margins 
for  Minlann  Mean-Sqnared  Error 
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where  G  la  the  open-loop  describing  function  of  the  pilot  vehicle  systea  (Fig.  9) 


r  -  -  i  -  P; 

2  * 


j  Tt  (l-n)(l-<) 


FUNDAMENTAL  CONSTRAINTS 


BASIC  RELATIONSHIPS  FOR  ERROR  INCOHERENCE  IN  TEAMS  OF  THE  CROSSOVER  MODEL  FOR  G 
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Divided  Attention  Error  Stability  Limit 


<  1 ,  or 

(T,  -  Td)(l  -  ») 
*  Te 


(10) 


The  curves  of  Fig.  14  cen  be  used  directly  In  conjunction  with  Eq  •  (10)  to  determine 
the  alnlnun  phase  aargln  or  aaxlaua  normalised  crossover  frequency  available  for  a  given 
level  of  divided  attention.  The  aaxlaua  value  of  1( T./ re)  aust  be  less  than 
t  /(Ta  -  T^)(t  -  <5 ) .  With  an  appropriate  change  of  labeling  on  the  ordinate,  the  curves 
then  bacons  boundaries  for  stability  In  the  mean-square,  with  locations  below  the  curves 
corresponding  to  allowable  phase  aarglns. 

For  soae  purposes,  the  Inequality  of  Eq.  10  nay  be  awkward  to  work  with  because  of 
the  dependence  of  both  sides  on  T..  The  stapler,  aore  approximate  fora  using  the  K^) 
may  therefore  be  more  useful.  Witn  this  approxlaa t ton,  the  Eq.  10  condition  becoaes 


1  .  fT,  -  T4Hl  -  *) 

*  - S - 
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These  last  relationships  emphasize  the  need  to  constrain  the  systea  phase  aargln  to 
keep  the  error  in  divided  attention  operations  within  bounds.  This  follows  because 
(l-n)/n  Increases  as  the  aanagerlal  deaands  increase.  [For  a  given  control  taak,  the 
overall  systea  latency  is  the  sua  of  the  net  high-frequency  systea  lag  and  the  pllot*s 
effective  delay.  The  control  task  dwell  tlae,  T^ ,  defines  how  long  the  pilot  aust 
fixate  on  various  "display"  eleaents  to  asslallate  the  inforaatlon  needed  for  control. 
Thus  T^/t  is  approximately  constant  for  a  given  control-display  task,  and  (l-n)/n 
governs  the  inequality).  Then,  as  the  aaxlaua  allowable  value  of  X( 4^,  re/Td)  la 
reduced  to  aalntaln  the  inequality.  Fig.  14  indicates  that  the  divided  attention  control 
task  phase  aargln  aust  be  Increased.  Because  the  normalised  crossover  frequency,  Te«c, 
la  directly  related  to  the  phase  aargln  by  ^  -  (w/2)  -  »c ,  this  can  also  be  Inter¬ 
preted  as  Indicating  chat  the  control  Cask  crossover  frequency  Is  reduced. 

The  Implications  of  these  statements  Include: 

•  The  control  task  error  has  an  extremely  strong  dependence  on  the  control  task 
dwell  fraction.  (The  pilot-vehicle  system  gain  Is  reduced  and  the  systea  *'rea- 
nant"  or  effective  uncorrelated  Input  due  to  lack  of  attention  to  the  control 
task  Is  Increased  as  control  task  attention  decreases). 

e  If  the  task  complex  requires  significant  division  of  pilot  attention  between 
aanagerlal  and  control  tasks,  the  dynaalcs  of  the  systea  being  controlled  by  the 
pilot  aust  be  able  to  support  very  large  pilot-vehicle  systea  phase  margins.  As 
a  corollary,  the  controlled  systea  aust  possess  dynaalc  properties  that  require 
little  attention  to  control. 

These  Implications  are,  of  course,  consistent  with  the  conventional  wlsdon  that  attitude 
control  and  path  control  functions  are  aaong  the  highest  priorities  for  automation. 
Steps  In  this  direction  cut  down  the  control  dwell  fraction  directly,  and  Increase  the 
fraction  of  attention  that  can  be  devoted  to  aanagerlal  task  sequences. 

ALOOlItmiC  Ml IAN  PHOT  H00II 

An  alternative  approach  to  the  estlaatlon  and  description  of  huaan  control  behavior 
has  been  the  application  of  modern  optlaal  control  theory.  The  starting  points  In  this 
process  are  the  well-founded  theory  of  the  linear-quadrat Ic-gausslan  stochastic  control 
problea  and  aanual  control  theory  and  data.  To  successfully  marry  these  two  eleaents  la 
not  easy,  yet  progress  has  been  aade  (e.g.,  kefs.  37-46).  Soae  notable  applications  to 
flying  qualities  probleas  have  also  been  published  (e.g.,  kefs.  47-49).  The  concept 
rests  on  the  presumption  that  huaan  operator  responses  can  be  eaulated  by  an  analogous 
optlaal  control  system.  The  optlaal  systea  operates  to  alnlalse  a  quadratic  performance 
index  in  the  presence  of  various  systea  Inputs  and  noises.  In  doing  so  It  provides  a 
representation  for  at  least  soae  of  the  adaptive  characteristics  of  the  huaan  operator. 
The  basic  consideration  in  this  algorithmic  approach  is  provision  of  techniques  for 
imposing  those  characteristics  of  the  huaan  which  represent  both  favorable  (e.g.,  adap¬ 
tation)  and  unfavorable  (e.g.,  tlae  delay  and  reanant)  features  so  they  are  consonant 
with  experiment.  kelated  techniques  aust  account  for  certain  very  fundaaental  huaan 
characterlatlcs ,  such  as  the  effective  tlae  delay  and  neuroauscular  delays. 

The  general  model  Is  shown  In  Fig.  15.  At  the  top  are  the  machine  properties 
involving  the  controlled  eleaent  and  display  as  acted  on  by  disturbances.  These  are 
represented  by  linear  state  vector  and  display  vector-aatrlx  equations.  The  distur¬ 
bance,  *(C)»  Is  a  vector  of  white  gausslan  noise  processes.  If  the  forcing  functions 
are  colored,  they  are  represented  by  filtered  white  gausslan  noise.  The  additional 
statas  required  to  represent  the  filter  dynaalcs  are  appended  to  the  controlled  eleaent 


•  tat*  vector  and  raault  in  expanded  i,  B,  C,  and  B  utrlcaa.  De teral nia t ic  diatur- 
bancea  can  be  Modeled  by  adding  non-zero  aean  components  to  the  dlaturbance  vector,  with 
the  addition  of  atlll  sore  eleaenta  to  the  atate  vector  and  aaaoclated  matrices.  The 
display  variable*  are  linear  combinations  of  the  system  atatea  and  the  pilot  output. 

In  the  optiaal  control  foraulatlon  the  huaan  pilot'*  character latlca  can  be  divided 
Into  two  categories  —  those  which  represent  intrinsic  huaan  llaltationa,  and  thus  which 
•re  not  subject  to  opt ialsa t ion,  and  those  properties  which  are  subject  to  adaptation 
and  thua  optimisation.  In  the  first  category  are  the  effective  tlae  delay  and  the 
reanant.  To  soae  extent  the  neuroauacular  ayatea  properties  and/or  the  pilot-vehicle 
ayatea  crossover  fora  and  bandwidth  also  fall  Into  this  category,  although  their  con¬ 
nections  in  the  OCN  foraulatlon  are  aoaewhat  obscure*  (This  will  be  illustrated  later.) 
In  the  optiaal  control  aodel  the  reanant  la  accounted  for  by  observation  noise  and  aotor 
noise,  shown  respectively  at  the  pilot's  input  and  neuroauacular  coaaand  output  points. 
The  observation  noise  vector  is  added  to  the  display  output  y(t).  A  separate  noise  com¬ 
ponent,  <r,.(t)  is  associated  with  each  display  output  coaponent,  yi(t).  Aa  noted  in 
Fig.  6a,  the  reanant  added  at  the  operator's  input  is  relatively  wideband,  so  each  coa¬ 
ponent  la  asauaed  to  be  an  independent  gausslan  white  noise  process.  The  spectral  den¬ 
sity  la  proportional  to  the  aean-squared  value  of  the  displayed  coaponent,  with  a  pro¬ 
portionality  factor  Pt,  which  is  a  nolae-to-slgnal  ratio.  In  general,  the  huaan 
operator  is  presumed  to  obtain  both  displacement  and  rate  information  from  a  single  dis¬ 
play  variable,  and  good  results  have  been  obtained  by  assuming  that  Pt  for  the  position 
and  rate  variables  is  the  saae.  In  single-loop  control  situations  nuaerlcal  values 
of  ?i  of  about  0.01  are  typical.  Aa  can  be  appreciated  from  Pig.  6a,  this  is  relatively 
Invariant  over  a  wide  range  of  ayatea  dynamics  and  input  spectra.  To  the  extent  that 
this  la  so,  the  normalised  observation  noise  can  be  considered  to  be  primarily  operator- 
dependent. 

The  aany  Internal  tlae  delays  associated  with  visual,  central  processing.  Integra¬ 
tive,  and  other  operations  are  combined  Into  a  lumped  perceptual  delay,  r.  For  simpli¬ 
city,  it  is  assumed  in  the  current  optiaal  control  aodel  that  all  outputs  are  delayed  by 
the  saae  amount.  (We  have  noted  in  connection  with  the  structural  isomorphic  aodel  that 
there  is  a  delay  Increaent  associated  with  rate  perception.) 

The  "aotor  noise,"  like  the  observation  noise,  is  assumed  to  be  a  zero-mean  gausslan 
white  noise  with  spectral  density  proportional  to  the  mean-squared  operator  output.  An 
additional  coaponent,  f.  ,  Is  soaetiaes  included  to  account  for  the  fact  that  the  huaan 
operator  introduces  noise  into  an  undisturbed  system.  A  aotor  nolse/slgnal  ratio,  ft4, 
of  0.003  has  been  found  to  provide  a  good  aatch  to  soae  experimental  data.  * 

The  neuroauscular  system  is  represented  by  a  lag  matrix,  Tg.  This  Is  not  explicitly 
modeled  as  an  inherent  limitation.  Instead,  it  is  imposed  by  weighting  control  rate 
terms  in  the  cost  function  used  to  generate  the  optiaal  control.  For  single-loop  con¬ 
trol  probleas  with  linear,  wide  bandwidth  manipulators ,  this  weighting  Is  purposely 
selected  to  yield  tg  of  approxlaately  0.1  sec  to  represent  this  Inherent  limitation.  As 
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will  be  Mtn  later,  this  weighting  tends  to  eat  the  frequency  range  over  which  the 
pilot-vehicle  eyatea  any  approximate  the  crossover  model  In  a  single  Input,  single 
output  systea.  Vhsa  everything  Is  taken  Into  account  In  an  effective  pilot  describing 
function  Yp  the  direct  aeuroauscular  leg  represented  by  TB  will  be  cancelled  by  other 
quantities,  although  the  total  effective  tlae  delay  aay  reflect  soae  aeuroauscular  lag. 

The  reaalnlng  eleaents  of  the  huaan  operator  are  adaptive  to  the  eyatea  character¬ 
istics  and  to  changes  in  the  explicit  huaan  operator  llaltatlons  described  above.  Esti¬ 
mation  of  the  delayed  state  vector  Is  aecoapllshed  via  a  Kalman  filter.  This  delayed 
state  estlaate  is  fed  to  a  least-aean-squared  predictor  to  yield  the  estlaated  state 
vector,  x(t).  The  optlaal  gain  matrix,  L,  is  generated  by  solving  the  optlaal  regulator 
problem  for  a  quadratic  coot  function  of  the  fora 

J<tt)  -  i  {T“«.  |  J*  (r'Qr  *  <•'*»  +  u’Gu)  02) 

Because  the  cost  functional  weightings  preordain  the  details  of  the  controller  gain 
aatrlx,  L,  the  selection  of  weightings  is  critical  to  the  aodel's  success.  This  Is  par¬ 
ticularly  the  case  when  the  aodel's  purpose  Is  to  simulate  huaan  operator  responses. 
For  simple  single-loop  control  situations,  excellent  agreement  with  experlaental 
aeasursaents  has  been  obtained  with  s  coot  functional  of  the  extreaely  staple  fora: 

■*<»>  *  1  t  So  *  *e*2>  dt}  <u> 

where  e  is  the  compensatory  systea  error  and  c  -  u  Is  the  operator's  control  rate.  The 
value  of  g  is  selected  as  described  above  to  yield  an  appropriate  neuromuscular 
delay,  TN.  For  more  coaplex  situations,  the  relative  weights  are  deteralned  based 
either  on  aaxlaua  allowable  deviations  or  Halts,  or  froa  a  knowledge  of  human  prefer¬ 
ences  end  capabilities.  This  is  similar  to  ehe  technique  suggested  by  Kef.  50,  wherein 
the  weighting  on  each  quadratic  tera  is  slaply  the  Inverse  of  the  square  of  the  corre¬ 
sponding  allowable  deviation.  The  solutions  for  this  modified  Kslaan  filtering  predic¬ 
tion  and  optlaal  control  problea  are  given  by,  for  example.  Kef.  58,  59,  42,  and  51. 
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figure  16.  Measured  and  Predicted  Systea  Dynamics  and  Keanant  for  a  Path 
Controlled  Eleaent  (Adapted  from  Kef,  44) 
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Som  appreciation  of  tha  degree  with  which  actual  human  operator  data  can  be  charac- 
tarlsad  by  the  optlnal  control  aodel  can  be  gleaned  from  Fig*  16*  Theoretical  and 
■eaaured  frequency  reeponaes  for  an  elenentary  • Ingle-loop  eyatea  with  a  rate  (Yc  • 
Kfi/a)  controlled  aleaent  (Kef.  46)  are  coapared*  Theae  frequency  reapoaee  data  Indicate 
that  the  aodel  reproducee  the  eaaentlal  characte rlatlca  of  the  huaan  controller  with 
excellent  fidelity*  Perhaps  aore  Inportent,  the  paraaeter  valuea  for  other  elaple  con¬ 
trolled  eleaenta,  ouch  aa  Ye  -  Kc  and  Ke/s2  (Ref.  44)  are  very  consistent,  although  the 
tlae  delay  needed  to  match  the  operator  characterlat Ice  fox  Ke/e2  dynamics  wae  somewhat 
longer.  This,  of  eouraa,  la  to  be  expected  froa  considerations  described  earlier  and 
does  not  constitute  a  defect  in  the  model* 

The  optimal  control  aodel  results,  of  course.  In  a  very  high  order  describing  func¬ 
tion  fora  when  the  various  matrices  are  developed  Into  transfer  functions*  Conse¬ 
quently,  the  fact  that  the  OCM  results  presented  In  Fig*  16  are  very  slallar  to  the 
extremely  slaple  crossover  aodel  la  a  matter  of  great  Interest*  Reference  51  reduces 
the  OCH  calculations  Involved  to  applications  on  a  PC  and  also  provides  for  the  genera¬ 
tion  of  transfer  function  data  In  factored  fora*  This  step  la  very  helpful  to  Indicate 
what  Is  taking  place  Inside  the  otherwise  obscure  OCH  calculations*  For  the  slaple 
Yc  -  Rc/s  case  discussed  above,  the  total  Yp  Is  given  by  (tef.  51) 


v  „  f  131(3* 10)(5*45)( 10. 1)1-0*866,  52.1]  \  i (0)(2)(9.94)  \ 

P  )  (1.98) (5. 44) (9. 94) [.428,  2  1.9] (39.1)  f  \ (0)(2)f9.94)  f 

where  (s  ♦  a)  -  (a)  and  (s2  ♦  2c«n*  ♦  “n2l  “  f  C. 


Thus,  for  the  slaple  1  /•  controlled  element  the  pilot  aodel  Is  an  eighth  degree  over 
ninth  degree  transfer  function!  However,  this  Is  laaedlately  reduced  by  three  degrees 
because  of  the  exact  cancellations  given  In  the  second  bracketted  quantity.  Notice  here 
that  the  neuromuscular  aystea  pole  given  by  (9*94)  Is  exactly  cancelled  by  a  aero.  The 
remaining  bracketted  quantity  also  has  a  number  of  nearly  cancelling  terms,  l.e., 
(S*45)/(5.44)  and  another  apearance  of  the  neuroauscular  mode,  ( 10. l)/(9.94) •  Finally, 
when  the  high  frequency  teras  [-0*866,  23.11/(0.428,  21.91,  which  are  the  result  of 
using  second-order  Fade  approxlaates  for  the  pure  tlae  delay,  together  with  the  pole  at 
39.1,  are  converted  to  an  effective  tlae  delay,  the  pilot  aodel  becoaes. 


Y 


P 


U.itT 


(15) 


This  Is,  at  last,  the  slaple  Yp  sought.  The  frequency  response  data  froa  very  low  fre¬ 
quencies  to  well  beyond  the  crossover  region  Is  described  very  well  by  this  much  reduced 
aodel. 

This  set  of  calculations  Is  very  revealing.  The  most  interesting  aspects  are  the 
exact  and  nearly  exact  cancellations  of  dynaalcs  which  were  Initially  put  Into  the  aodel 
formulation  as  a  representation  of  the  neuroauscular  systea.  Further,  the  peaking  ten¬ 
dency  present  at  higher  frequencies  beyond  the  crossover  region  Is  due  (in  the  case  of 
Ref.  51)  to  a  shift,  as  a  consequence  of  closing  the  loop,  of  the  denoalnator  term 
associated  with  the  Fade  approximate  for  the  pure  tlae  delay  in  the  open-loop  pilot. 
Clearly  It  is  essential  to  resolve  the  OCH  data  Into  a  Yp  factored  fora  If  one  Is  to 
really  understand  the  results  In  their  aost  fundamental  sense. 

The  algorithmic  and  coaputat tonal  advantages  of  the  optlaal  control  aodel  make  It 
extreaely  valuable  as  a  means  to  aake  quantitative  estiaates  of  the  huaan  operator's 
dynaalc  response  In  control  tasks  for  which  the  aodel  la  appropriate.  Besides  the  need 
to  simplify,  as  illuetrsted  above,  there  are  three  other  aspects  which  give  some  diffi¬ 
culty.  The  first  is  philosophical  and  relates  to  the  explicit  requirement  that  the 
huaan  operator  description  contain  a  complete  Internal  aodel  of  the  huaan's  Intrinsic 
characteristics  and  the  systea  dynaalcs  and  disturbances.  Thus,  for  the  state  estima¬ 
tion  to  be  accomplished,  the  A,  I,  C,  9,  and  I  matrices  plus  the  systea  disturbances  and 
the  huaan  tlae  delay,  observation  noise,  and  motor  noise  must  all  be  known.  Further, 
for  the  controller  equalisation  adjustments,  the  A  and  B  aatrlcee  plus  the  weights  in 
the  cost  functional  are  needed.  All  of  this  aaounts  to  an  essentially  complete  "know¬ 
ledge**  by  the  huaan  of  the  aan-aachlne  systea  characteristics.  Internal  aodels  have  a 
long  history  In  psychology  for  several  purposes.  For  Instance,  their  elaboration  and 
reflneaent  have  served  as  a  useful  construct  for  the  developaent  of  skill  by  dint  of 
training.  In  fact,  even  the  slaple  crossover  aodel  can  be  interpreted  as  an  iaplicit 
internal  aodel  of  the  huaan  and  controlled  element  dynaalc  characteristics  In  the  cross¬ 
over  region.  The  key  problea  Is  thus  not  with  the  concept  of  an  Internal  aodel,  but 
rather  Its  degree  of  perfection,  especially  In  extreaely  coaplex  systeae  where  the 
required  internal  aodel  la  equally  complicated. 

The  second  difficulty  Is  that  of  atteaptlng  to  identify  the  underlying  aodel  para¬ 
meters  froa  experimental  data.  Not  only  la  this  Inverse  problea  f undaaentally  diffi¬ 
cult,  but  the  optlaal  control  aodel  reviewed  here  suffers  froa  overparameter  lest  ion. 
Thus,  froa  an  Identlf icatlon  viewpoint,  the  observation  and  motor  noises  are  not  resolv¬ 
able,  and  the  feedback  matrix  and  the  observer  gain  aatrtx  can  only  be  determined  up  to 
a  similarity  transformation  of  the  aodel  (Ref*  52). 
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Ths  third  problem  area  is  specification  of  the  cost  function.  The  teleological 
character  of  the  linear  quadratic  optinal  aodel  is  iaperfect  because  the  performance 
criterion  must  be  shaped  to  the  task.  la  a  practical  matter,  this  has  seldom  posed  a 
serious  problem  when  the  model  has  been  applied  bp  an  experienced  practitioner.  None- 
theless,  an  aura  of  artistry  is  present  in  this  requirement. 

In  the  structural  isomorphic  model,  a  very  large  number  of  experimentally  observed 
phenomena  are  accounted  for.  Since  its  inception,  a  great  deal  of  effort  has  been 
devoted  to  similarly  account  for  human  operator  behavior  with  the  algorithmic  model. 
This  has  required,  in  the  main,  adjustments  in  the  cost  function  or  In  those  properties 
associated  with  the  human  operator's  limitations,  such  as  normalised  observation  or 
motor  noise.  The  model  has  proved  to  be  quite  flexible  in  accommodating  most  of  the 
many  behavior  changes  desired.  Table  5  summarises  some  procedures  sod  techniques  which 
have  been  found  suitable  to  accomplish  this  accommodation  (Refs.  36-38,  41-43).  Thus 
advanced  modeling  features,  such  as  divided  attention  operations,  can  be  handled  with 
the  OCH.  Consequently  both  the  structural  and  algorithmic  forms  of  pilot  model  are  now 
quite  mature  and  can  be  used  in  a  complementary  fashion  to  solve  pilot-vehicle  analysis 
problems  and  to  help  resolve  data  interpretation  issues. 


TABLE  S.  PROCEDURES  FOR  ADJUSTMENT  OF  THE  ALGORITHMIC  MODEL 


FEATURES  TO  BE  MODELED 

SUITABLE  PROCEDURES  AND  MEANS 

Effective  time  delay 
accomodation 

Least  squares  prediction  applied  to  output  of  Kalman  estimate 
of  delayed  states 

Basic  crossover  behavior 

Use  of  control  rate  weighting  in  distinction  to  control 
weighting  in  cost  function 

Effective  neuromuscular 
l«g  T„ 

Select  ratio  of  control  weighting  to  control  rate  weighting 
(e.g.,  "g")  in  cost  function 

Selection  of  cost 
function  weights  on 
states  and  control 

Choose  weights  to  be  inverse  of  squares  of  the  respective 
maximum  al’owable  values 

Remnant 

Observation  noise  covariances  scaled  with  mean-squared  state. 

£*  ual  (non-scaled)  observation  noise  component  to  account 
for  imprecision  due  to  lack  of  references. 

Motor  noise  to  reflect  inability  to  generate  control  motions 
precisely. 

Residual  motor  noise  to  reflect  human's  Introduction  of  noise 
Into  an  undisturbed  system. 

Low-frequency  phase  lag 

Use  larger  motor  noise  level  than  actually  present  In  deter¬ 
mining  Kalman  filter  gains 

Perceptual  and 
indifference  thresholds 

Scale  observation  noise  Inversely  with  equivalent  gain 
(random  input  describing  function  for  threshold) 

Scanning  effects 

Scale  observation  noise  Inversely  with  attentional  frac¬ 
tion  (f^)  of  each  display,  subject  to  the  constraint  that 
<E(1>  +  f».rgln  «  '•  fi  »  0- 

Different  noise  levels  for  foveal  and  parafoveal  viewing. 

Workload  (attentional ) 

Attentional  workload  effects  evaluated  by  examining  perform¬ 
ance  as  a  function  of  the  reserved  workload  margin, 

'lotion  cues 

Add  model  of  human  motion  sensory  apparatus  (e.g.,  vestibular 
system,  proprioception)  to  state  and  output  equations. 
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SUHNART 

The  role  of  pilot  opinion  and  rating  In  defining  flying  qualities,  and  the  pilot- 
adapted  control  behavior  that  impinges  on  such  ratings  are  delineated  and  discussed. 
This  1 8  preparatory  to  the  exemplary  application  of  frequency  domain  pilot-models  to  the 
examination  and  elucidation  of  a  variety  of  flying  qualities  situations/problems .  This 
examination  starts  with  single-loop  situations  which  progress  in  complexity;  and  then 
shifts  to  multiple-loop  cases,  which  also  progress  in  complexity. 

This  succession  is  designed  to  increasingly  reveal  the  basic  pilot-centered  require¬ 
ments  for  good  flying  qualities.  Such  requirements,  which  stem  from  easily  achieved 
pilot  adaption  and  good  resulting  closed-loop  responses,  are  more  generally  applicable 
to  "new”  unknown  situations  than  are  classical  requirements  on  the  open-loop  controlled 
element  dynamic  parameters.  However,  the  latter  do  in  fact  Influence  the  ease  of 
piloted  closure  and  the  resulting  closed-loop  responses  so,  when  properly  expressed  In 
terms  of  characteristics  in  the  projected  crossover  frequency  region,  may  also  achieve  a 
degree  of  generality. 

The  pilot-centered  requirements  illustrated  by  the  examples,  and  others  found  in  the 
literature,  are  collected  and  briefly  discussed  to  conclude  the  lecture. 


INTRODUCTION  —  PILOT  RATING  CONSIDERATIONS 

Before  we  consider  applications  of  p  i  lot -vehicle  analysis  we  have  to  recognize  that 
flying  qualities  are  based  on  judgements  delivered  by  pilots  and  reflected  In  recorded 
opinion/commentary;  and  also  (usually)  by  a  rating  number  which  is  arrived  at  through  a 
rating  system  in  a  well-defined  and  hopefully  universal  manner.  The  most  favored  system 
currently  in  use  is  the  Cooper-Harper  scale  (Ref.  1)  which  is  reproduced  in  Fig.  1.  We 
can  see,  from  the  widespread  appearance  of  the  words  "pilot  compensation,”  that  closed- 
loop  operation  is  an  Important  rating  consideration.  In  fact,  ratings  of  closed-loop 
operation  (usually  the  most  demanding  task)  are  generally  indicative  of  overall  rating. 

Of  course,  for  a  given  set  of  aircraft  characteristics,  including  cockpit  controls 
and  manipulators,  the  ratings  depend  on  the  intended  mission;  and  on  the  mission-related 
tasks  and  task  variables,  environment  including  visibility  and  disturbances,  and  display 
quantities  and  arrangement.  The  rating  numbers  are  not  objective,  but  rather  are  sub¬ 
jective,  and  are  ordinal  rather  than  interval,  meaning  that  differences  between  numbers 
are  not  necessarily  the  same.  Nevertheless,  such  subjective  ratings  are  related  to 
measures  of  pilot  workload  in  a  regular  way,  as  shown  (Ref.  2)  in  Fig.  2.  Here  pilot 

ratings  for  a  series  of  primary  single-loop  tasks  are  plotted  versus  the  steady-state 

maximum  first-order  divergences  (s-A  )  controllable  by  the  pilot  at  the  same  time  in  a 
secondary  task.  The  value  of  Ag  achieved,  normalized  by  the  value  achievable  when  con¬ 
trolling  only  the  divergence,  is  a  measure  of  the  attention  or  capacity  the  pitot  can 
divert  from  the  main,  primary  task;  i.e.,  his  excess  available  capacity  for  other 
control  while  performing  the  primary  task  --  so  labeled  In  Fig.  2.  The  division  of  the 
rating  scale  into  flying  qualities  "levels”  Is  in  accordance  with  MIL-SPEC-8785  usage. 
Pilot  rating  is  thus  an  indirect  Indication  of  task  attentlonal  demand  and  perhaps, 
therefore,  more  quantitative  than  expected  from  the  ordinal  nature  of  the  rating  scale. 

More  direct  indications  of  workload  are  the  quantitative  lead  (compensation) 

required,  as  measured  by  the  ] Y  |  slope  at  the  crossover  frequency;  and  the  departure  of 

gain  from  a  near-optimum  value.  Thus  for  Level  1  pilot  ratings:, 

The  pilot  lead  (anticipation,  compensation)  d | Yp | ^g/d ( 1 n  w)]^  must  be  less  than 
20  dB/dec,  corresponding  to  an  effective  lead  time  constant,  TL  <  1  sec 

The  effective  controlled  element  gain  (e.g.,  stick  sensiMvlty)  must  be  adjusted  to 
near  optimum  values. 

The  control  dwell  fraction  must  be  less  than  1/3. 

The  last  stems  from  the  attentlonal  workload  associated  with  the  Fig.  2  Level  l 
boundary;  the  first  two  from  the  Fig.  3  results  (Ref.  3). 
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We've  already  aentioned  the  potential  Influence  of  disturbance  Inputs  and  Table  1, 
(frost  Ref.  4)  illustrates  the  allowable  degradations  In  rating  with  atmospheric  turbu¬ 
lence.  The  turbulence  levels  thenselves,  when  not  measured  quantitatively,  are  defined 
In  Refs.  1,  4,  by  descriptions  of  the  effects  on  the  aircraft  and  occupant:  e.g., 
severe  turbulence  causes  large,  abrupt  changes  in  altitude  and/or  the  altitude  — 
and  large  variations  in  airspeed;"  and  "Occupants  are  forced  violently  against  seat 
belts  or  shoulder  straps.  Unsecured  objects  are  tossed  about."  When  known,  as  in  simu¬ 
lation,  or  measured  for  certain  flight  situations,  light,  moderate,  and  severe  turbu¬ 
lence  levels  are  quantitatively  defined  below  in  terms  of  rms  horizontal  gust  (  ou  ): 


MAGNITUDE  U* 

(ft/sec) 


Light 

0-3 

Mode  rate 

5 

Severe 

10 

Extreme 

24 

The  differences  in  ratings,  due  to  atmospheric  disturbances,  shown  in  Table  1  are 
those  that  are  allowable  not  necessarily  those  that  will  occur.  In  fact  the  suscepti¬ 
bility  to  gusts  and  turbulence  is  strongly  affected  by  the  stability  and  windproofing 
afforded  by  the  flight-control-augmented  configuration  under  test.  For  example  in  the 
Ref.  5  flight-tests  where  light  to  moderate  turbulence  from  1.0  to  4.0  ft/sec  rms  was 
encountered,  the  pilot  rating  increased  by  about  2  tyjj  points  for  the  basic  control 
system,  but  not  at  all  for  either  the  rate-  or  attitude-command  control  systems.  Also 
the  Ref.  6  flight  results  show  that  the  flying  qualities  of  stable  aircraft  are  not  as 
much  affected  by  increasing  turbulence  level  as  are  unstable  aircraft. 

Additional  Applications  Literature 

Having  thus  furnished  some  additional  background  on  the  meaning  and  significance  of 
pilot  rating  and  its  general  closed-loop  and  pilot  model  correlates,  we  are  now  in  posi¬ 
tion  to  pursue  the  subject  application  studies.  However,  before  we  go  into  specific 
example  applications  it  Is  very  pertinent  to  point  out  the  existence  of  Ref.  7  which 
catalogues  a  large  number  of  application  studies  and  contains  close  to  250  references. 
Many  of  these  references  are  mostly  assigned  to  one  or  the  other  of  the  categories  shown 
in  the  "Applications"  Table  2.  Note  that  the  reference  numbers  in  Table  2  are  those  for 
the  Ref.  7  listings. 

SIKGLK-LOOP  ROLL  CONTROL 

(Example  1) 

In  general,  before  we  can  pursue  a  viable  closed-loop  analysis  of  human  control  we 
have  to  be  sure  that  the  loop(s)  we  select  for  closure  correspond  to  those  the  pilot  is 
really  controlling.  This  isn’t  always  easy  to  do  because  even  for  a  single  Input/single 
output  case  it  may  not  be  clear  which  response  the  pilot  is  rcclly  concerned  with  espe¬ 
cially  when  the  "task"  is  relatively  unstructured.  A  case  In  point  is  the  uncertainty 
sometimes  voiced  relative  to  the  motions  of  most  significance  in  characterizing  short 
period  stable  and  sometimes  unstable  (PIO)  oscillations.  The  choices  are  between  9,  a, 
n2  and  there  have  been  advocates  of  each. 

However,  for  the  lateral  case  the  situation  la  not  as  obtuse  and  there  seems  uni¬ 
versal  agreement  that  closure  of  the  single  4-loop  is  a  basic  flying  task  which  reveals 
some  key  closed-loop  flying  qualities  considerations.  More  specifically,  control  and 
regulation  of  bank  angle  using  ailerons  is  a  fundamental  lateral  control  task,  either 
for  its  own  sake  or  as  an  inner  loop  for  heading  or  flight  path  control. 

The  complete  aircraft-alone  roll  dynamics  usually  has  the  form 


(,Z  * 


(s  4-  l/Ts)  (s  1/Tg)  ( s ^  ♦  264(1148  +  u$) 


Spiral  Roll  Dutch  roll' 

Subsidence 


(1) 


.V? 


The  roll  subsidence  idealization  which  neglects  the  spiral,  Dutch  roll  and  numerator 
dynamics  is  given  by 


t  1 


»<«  ♦  i/tr> 


(2) 


— 3  *“t  t0(Tl>  -  Are(ui)] 


(3) 


So,  the  open-loop  describing  function  (G  •  *p¥c)  becomes 
-  1  <pL  dot  M^/  Ulj  )  2  —  J  «>[  T0  (  rR  )  - 

i»  e 


(4) 


The  closed-loop  system  accordingly  has  the  familiar  croa sove r-mode 1  fora  wce_TS/s 
with  «c  -  Kpt&a(  (i»^/ *dT*  and  x  •  t0(Tr)  -  At(uj^).  In  addition  to  good  closed-loop  per¬ 
formance,  satisfactory  pilot  ratings  will  require  proper  adjustment  of  manipulator  gains 
and  a  coafortable  level  of  pilot  lead,  -  TR,  For  Level  1  ratings  this  pilot  lead 
(anticipation,  compensation)  must  correspond  to  <  1  which  is  equivalent  to  djYpjdB/ 
d ( tn  to) luc  less  than  20  dB/decade  as  shown  earlier.  This  requirement  on  T^  is  really 
the  basis  for  the  usual  limitations  of  TR  to  values  no  smaller  than  about  one,  for 
satisfactory  flying  qualities. 

Now  considering  the  complete  model  dynamics,  the  simplest  measure  of  the  deviation 
from  the  simplified  roll  subsidence  representation  Is  given  by  the  to^/ ay  ratio. 


range  from 


— w 

; 

‘xM 

C"8 

2*/ 

1 

lX2 

♦  t - 

X 

C>« 

negative  values 

to  positive 

values 

For  Cig  <  0  (positive  effective  dihedral)  and  a  stable  Dutch  roll  (  N  g'  >  0),  the  key 
parameter  Is  N$a  -  i.e.,  for  N  fca  <  0  -  "adverse"  aileron  yaw,  (u^u^)2  <  l;  and  for  Ng  > 
0  •  "favorable"  yaw,  (w^idj)2  >  1.  These  approximate  relationships  are  given  graphic 
Interpretation  In  Fig.  4. 

The  closed-loop  pi lot -a  1 r craf t  system  analysis,  reflecting  the  same  pilot  describing 
function  characteristics  as  for  the  Idealized  roll  case,  would  then  involve  the  open- 
loop  transfer  function 

G  1  rcpT Le  Te9(s  »  l/TL)(s2  + 

(s  +  1/T9)(s  ♦  1/Tg)(s2  +  2  Cd  uys  (g) 

a-rs/2  i  .  _ ■  /  ? 

Bode  and  root  locus  plots  of  this  system  for  TL  *  TR,  e“T9  ■  — TTfT  *  4 - (the 

Pade*  apprnxlmant ) ,  and  small,  and  the  relative  magnitude  $f  the  key  rac  t</Ps  2gi  ven 
by  <  1/Tr  <  2 7 te  are  presented  in  Fig.  5. 

The  most  obvious  feature  of  the  pilot-aircraft  system  closure  depicted  Is  the 
closed-loop  dutch  roll  Instability  at  moderate  values  of  gain.  In  effect,  the  pitot's 
actions  In  controlling  bank  angle  with  proportional  aileron  rolling  moments  Incurs 
aileron  yawing  moments,  roughly  proportional  to  r  -  g$/U0,  which  reduce  the  dutch  roll 
damping. 
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This  an  early  exaaple  of  significant  closed-loop  flying  qualities  effects 
attributable  to  nueerator  parameters.  In  fact  can  becoee  negative  resulting  In  a 

directionally  divergent  characteristic  for  the  wlngs-held-level  condition.  Incidentally 
tn  che  guise  of  a  non-dleens lonal  LOOP  (lateral  control  divergence  parameter) 
2  C  n  g  -  Cjtg  •  Cn  S/C  1 5  Is  used  to  characterize  spin  susceptibility  (Ref.  8). 

TURN  COORDINATION 


(Kxeeple  2) 

The  ujuj  effects  of  the  foregoing  sluple  exaaple  are  only  of  real  significance  when 
the  yaw  damping  Is  snail  as  for  aost  unaugaented  aircraft  at  high  altitude.  Modern 
flight-control  augmentation  invariably  adds  sufficient  directional  damping  so  that 
incipient  (conditional)  Instability  due  to  u^/u^  >  1  la  not  a  problem.  However,  the 
basic  roll-yaw  coupling  Is  still  there  and  can  present  a  turn  coordination  problea  to 
the  pilot.  One  way  of  achieving  such  coordination  la  through  the  pilot's  use  of  a 
learned  (programmed)  rudder  response  to  a  given  aileron  (or  roll  coaaand)  input:  In 
effect  a  crossfeed  of  aileron  to  rudder. 


Pilot-adapted  crossfeeds  In  mul 1 1 -out  put/ 1 nput  conditions  have  not  been  systea- 
aticaly  measured.  For  one  thing  such  behavior  is,  as  Indicated  above,  a  programmed, 
timed  response  and  has  dl f f tcul t -t o-de f lne  statistical  properties.  However,  the 
requl red  crossfeed  to  perfectly  coordinate  a  turn  can  be  easily  computed  and  taken  as  a 
measure  of  the  difficulty  of  the  piloting  task.  This  notion  was  used  in  Ref.  9  to 
Identify  parameters  related  to  both  the  magnitude  and  the  dynamic  time-history,  or 
"phasing"  of  the  required  "ideal"  rudder  response  to  a  step  aileron  input. 

These  parameters,  Nda/Ld*  and  u  respectively,  are  shown  In  Fig.  6  to  define  iso- 
optnlon  regions  indicative  of  the  task  difficulty.  The  broadest  region  around  u  ■  -1.0 
la  associated  with  relatively  simple  crossfeed  dynamics:  an  Initial  Input  which  falls 
to  a  required  steady  state  rudder  of  zero  degrees.  By  contrast  the  u  -  4-1.0  region 
requires  steady  rudder  values  equal  to  twice  the  Initial  value.  According  to  the 
assumptions  and  simplifications  leading  to  these  results,  the  effective  values  of  N 
and  Ldw  for  augmented  aircraft  (Including  possible  imperfect  crossfeeds)  are  the  yawing 
and  rolling  accelerations  due  to  a  wheel  (or  stick)  input  at  frequencies  above  6.0  rad/ 
sec. 


WINGS  LKVKL  TURNING 
(Example  3) 

As  noted,  the  above  example  does  not,  strictly  speaking,  follow  from  closed-loop 
considerations;  although  crossfeeds  may  be  an  important  aspect  of  closed-loop  opera¬ 
tions.  A  better  example  of  cross  coupling  effects,  in  this  case  reflecting  closed-loop 
control  problems,  is  afforded  by  the  Ref.  10  study  of  direct  force  control  ( DFC)  systems 
which  theoretically  give  the  possibility  of  Independent  control  of  the  six  motion 
degrees  of  freedom.  However,  realistlcal ly .  practical  mechanization  of  a  DFC  mode  must 
recognize  the  departures  of  the  feedback  and  crossfeed  equalization  from  the  ideal  (com¬ 
pletely  decoupled)  values.  Establishing  acceptable,  less  than  Ideal,  response  Is  an 
Important  aspect  of  the  flying  qualities  requirements  picture. 

We  must  also  recognize  in  such  non-ideal  cases,  that  the  use  of  secondary  controls 
by  the  pilot  to  improve  the  response  to  the  primary  control  (such  as  using  rudder  to 
eliminate  adverse  yaw  as  In  the  last  example)  is  specifically  prohibited.  This  follows 
Inasmuch  as  the  sole  purpose  of  Independent  control  over  six  degrees  of  freedom  is  to 
simplify  the  piloting  task;  It  Is  therefore  fundamentally  Inconsistent  to  require  sec¬ 
ondary  control  usage.  Some  experimental  verification  of  this  was  obtained  during  the 
flight  tests  (later  discussed)  where  the  pilots  objected  to  using  lateral  stick  to 
counter  the  effects  of  adverse  roll  coupling  In  the  wings  level  turn  mode. 


Another  fundamental  la  that  the  basic  reason  for  the  extra  complication  of  Independ¬ 
ent  control  la  to  allow  Improved  performance  In  some  specified  task,  nearly  always 
entailing  faster  closed-loop  responses.  The  increased  closed-loop  response  Is  desired 
and  necessary  whether  the  loop  Is  closed  via  an  automatic  system  or  by  the  human  pilot, 
l.e.,  there  is  a  minimum  guidance  and  control,  as  well  as  a  possible  pilot-centered, 
requirement. 

Accordingly,  it  was  hypothesized  that  the  achievable  piloted  system  bandwidth,  would 
be  Indicative  not  only  of  closed-loop  speed  of  response,  but  also  of  pilot  rating. 
Furthermore,  the  open-loop  "bandwidth"  defined  by  amplitude  and  gain  margins  similar  to 
those  characterizing  1 /Tg  "as  the  roll-control  time/frequency  response  parameter  of  most 
direct  Interest,  would  be  related  to  and  could  be  substituted,  for  the  real  closed-loop 
bandwidth,  as  a  correlating  parameter.  The  selected  "bandwidth"  definition,  consistent 
with  such  usages,  is  the  minimum  frequency  for  which  there  Is  a  gain  margin  of  6  dB  or  a 
phase  margin  of  45*. 


The  Available  bandwidth  which  can  be  obtained  froa  any  particular  direct  force  con¬ 
trol  aode  ie  related  to  its  Halting  (Nuaerator)  response,  corresponding  to  infinitely 
tight  feedbacks,  as  listed  below  (tight  feedbacks  and  Halting  response  in  that  order): 

0  ♦  5r,  ♦  ♦  for  winga-level  turn,  ay/6af  ♦  *5af 

»y  *  <«f«  ♦  *  4*  for  y*v  Pointing,  */  «r  *  s'6  /(»2  -  ♦  n’j) 

*  ♦  5r,  ♦  ♦  for  lateral  translation,  v^68f*  "* 


The  longitudinal  degrees  of  freedoa,  as»  6.  «,  have  analogous  feedbacks  and  Halting 
foras  with  Yjsf  replaced  by  Z&i,  N 5r  by  Nr  by  Mq,  Nfi  by  -M a  and  Vv  by  Z««. 

Whereas  the  responses  of  the  pointing  and  translation  aodes  are  Inherently  circus- 
scribed  by  the  liai t ing-f ora  dynaaics  shown  above,  those  of  the  noraal  acceleration  and 
wlngs-level  turn  nodes  are  basically  infinite  (open-loop  phase  >  -90  deg),  assualng  a 
pure  DFC  response.  The  implication  of  this  is  that  in  the  normal  acceleration  and 
wlngs-level  turn  mode  the  inherent  closed-loop  response  limitations  will  not  be  due  to 
basic  loop  dynaaics  but  rather  to  coupling  and  or  imperfect  cancellations  in  the  DFC 
feedback  and  crossfeed  aechani rations* 

Flight  Teat  tasults 

Based  partially  on  this  last  observation,  most  of  the  rather  Halted  flight  test 
prograa,  conducted  to  test  the  bandwidth  hypothesis,  was  accoapllshed  using  the  wlngs- 
level  turn  (WLT)  as  a  representative  aode  of  control;  It  also  showed  considerable  poten¬ 
tial  operational  utility  in  the  YF-16  flight  tests  (Ref.  11)*  The  selected  task  was 
air-to-air  tracking  using  the  DSF  Princeton  Navlon  against  s  target  aircraft  maneuvering 
through  a  random  series  of  bank  angle  reversals.  The  primary  objective  was  to  establish 
whether  bandwidth  ia  Indeed  the  appropriate  handling  qualities  paraaeter  to  separate 
satisfactory,  acceptable,  and  unacceptable  flying  qualities  for  DFC  aodes.  The  configu¬ 
rations  tested  Included  one  with  ainlaal  coupling  (WLT1),  two  each  with  favorable  roll 
(10,  12)  and  yaw  (2,  5)  coupling,  and  three  each  with  unfavorable  roll  (11,  13,  14)  and 
yaw  (3,  4,  15)  coupling.  Selected  examples  of  the  flight  test  Fourier  transformed 

heading  responses  are  shown  in  Fig.  7. 

Figure  ft  shows  the  Cooper-Harper  pilot  ratings,  for  the  air-to-air  tracking  task 
using  the  wlngs-level  turn  aode,  plotted  versus  heading  bandwidth.  The  open  symbols 
Indicate  that  the  variations  in  heading  bandwidth  were  achieved  via  yaw  coupling.  That 
is,  the  crossfeed  gain  from  DFC  control  to  the  rudder  was  increased  above  its  nominal 
value  to  achieve  favorable  yaw  couplLng  and  reduced  below  its  nominal  value  to  achieve 
unfavorable  yaw  coupling.  The  closed  symbols  indicate  that  the  heading  bandwidth  was 
varied  via  changes  in  roll  coupling,  l.e.,  the  DFC  control  to  aileron  gain.  To  the 
pilot,  favorable  yaw  coupling  appears  as  a  tendency  for  the  nose  to  move  in  the  direc¬ 
tion  of  the  coaaanded  turn,  whereas  unfavorable  yaw  coupling  appears  as  a  tendency  for 
the  nose  initially  to  swing  away  from  the  coaaanded  turn.  When  flying  a  configuration 
with  favorable  roll  coupling,  the  pilot  will  observe  a  tendency  for  the  aircraft  to  roll 
in  the  direction  of  the  coaaanded  wings-level  turn,  thereby  Improving  the  basic  response 
characteristics  (provided  roll  is  not  too  large).  Pinally,  adverse  roll  coupling 
appears  to  the  pilot  as  a  tendency  for  the  aircraft  to  bank  away  froa  the  coaaanded 

winga-level  turn. 

If  the  bandwidth  hypothesis  is  valid,  the  pilot  ratings  and  coaaentsry  should  be 
similar  for  aircraft  with  approximately  equal  values  of  heading  bandwidth,  regardless  of 
the  secondary  aircraft  motions.  The  results  shown  in  Fig.  8  confirm  that  this  is  indeed 
the  case;  aore  specifically: 

•  The  pilot  rating  for  Configurations  WLT4  and  VLT15  (adverse  yaw  coupling)  are 

approximately  the  saae  as  the  pilot  rating  for  Configuration  WLT13  (adverse  roll 

coupling).  As  can  be  seen  froa  Fig.  8,  all  of  these  configurations  have  approx¬ 
imately  the  saae  heading  bandwidth  of  between  0.7  end  0.8  rad/sec. 

•  Configuration  WLT3  (slight  adverse  yaw  coupling)  baa  approximately  the  saae 

pilot  rating  as  Configuration  WLT14  (slight  adverse  roll  coupling).  The  band¬ 
width  of  these  configurations  are  both  approximately  1.1  rad/sec. 

•  Configurations  tfLTIO  and  VLT12  have  significant  favorable  roll  coupling  and  cor¬ 
respondingly  high  values  of  heading  bandwidth.  Configuration  WLT5  also  has  a 
large  valua  of  bending  bandwidth  (4.1  rad/sec)  by  virtue  of  Its  highly  proverae 
yaw  coupling.  Figure  8  indicates  that  theaa  configurations  are  all  rated 
approximately  the  saae. 


Th«  above  examples  provide  itrong  evidence  to  Indicate  that  satisfactory  DFC  flying 
qualities  depend  primarily  on  the  ability  of  the  pilot  to  Increase  hla  tracking  band¬ 
width  to  aoie  established  level  by  tightening  up  on  the  controls. 

The  rating  data  in  Fig.  8  indicate  that  even  the  beat  wlngs-level  turn  configura¬ 
tions  barely  neet  the  classical  definition  of  Level  1  flying  qualities  (e.g.,  Cooper- 
Harper  pilot  rating  equal  to  or  better  than  3.5).  However,  when  one  considers  that  the 
task  involvea  tracking  a  target  undergoing  large  and  rapid  bank  angle  reversals.  It  Is 
difficult  to  conceive  of  any  configuration  that  would  correspond  to  the  adjectival 
descriptions  of  a  pilot  rating  of  3  (l.e.,  "minimal  pilot  coapensation  required  for 
desired  perforaance**).  The  pilot  coaaentary  Indicates  that  the  ULTl  configuration  had 
very  acceptable  flying  qualities  and  that  the  desired  perforaance  in  tracking  task  was 
''easily"  attained  (but  apparently  Involved  aore  than  "alnlaal  coapensation").  Hence, 
the  inability  to  attain  average  pilot  ratings  better  than  3  is  not  attributable  to  the 
configuration  per  ae,  but  rather  to  the  difficulty  of  the  task  involved.  Pilot  ratings 
of  2  for  the  wings  level  turn  node  were.  In  fact,  obtained  for  a  task  requiring  tracking 
of  a  ground  target  which  perforaed  a  discrete  step  change  In  position,  a  significantly 
less  deaandlng  task  than  the  air-to-air  tracking  utilized  In  this  prograa. 

LIMB-SI DESTICK  DYHAMIC  IHTKRACTIOH  HITS  BOLL  COHTKOL 

(■sample  4) 

The  next  example  addresses  the  fact  that  a  great  aany  recent  new  aircraft  with  fly- 
by-wlre  or  coaaand  augmentation  in  the  roll  axis  (Fig.  9)  have  encountered  either  Pilot- 
Induced  Oscillations  (PIO)  or  roll  "ratcheting"  (or  both)  in  early  flight  phases.  PIO 
has  typically  been  associated  with  high  gain,  neutrally  stable  closed-loop  pi lot -vehl c le 
control  oscillations  with  a  frequency  of  about  1/2  Hz.  The  "roll  ratchet"  Is  somewhat 
more  obscure,  appearing  most  often  In  rapid  rolling  maneuvers  with  typical  frequencies 
of  2-3  Hz.  as  Illustrated  in  the  flight  traces  of  Fig.  10.  The  frequency  difference 
alone  Indicates  that  PIO  and  ratchet  are  different  phenomena,  yet  both  clearly  Involve 
the  closed-loop  pilot  vehicle  system. 

The  preceding  lecture  on  the  pilot  model  notes  the  presence  of  a  neuromuscular 
system  limb-manipulator  dynamic  resonance  peak  at  14-19  rad/sec  and  such  characteristics 
are  known  to  be  Important  and  critically  limiting  even  though  this  frequency  range  of 
major  activity  may  be  well  above  the  bandwidth  associated  with  the  "usual"  control  task. 

It  Is  aore  and  more  apparent  that  modern,  high  performance,  high  gain,  response  com¬ 
mand  flight  control  system  bandwldths  may  be  encroaching  on  the  neuromuscular  system. 
Furthermore,  we  know  that  the  neuromuscular  syatem/1 la b  dynamics  differ  when  the  manip¬ 
ulator  restraints  change;  and  force  sensitive  side-sticks  and  new  levels  of  breakouts, 
thresholds,  and  nonlinear  force/gradients  have  drastically  changed  the  conventional 
manipulator  picture.  Accordingly,  attempts  to  alleviate  roll  ratchet,  PIO  and  other 
roll  flying  qualities  problems  have  involved  adjustments  In  stick  force  gradients,  fil¬ 
tering,  and  sensitivity;  and  have  included  Introduction  of  various  nonlinear  elements 
such  as  command  gain  reduction  with  pilot  Input  amplitude  or  frequency,  filter  time 
constant  changes  with  sense  of  Input  (Increase  versus  decrease),  and  different  force 
gradients  for  right  and  left  roll  commands.  These  adjustments  have  generally  Involved 
ad  hoc  empirical  modifications  in  the  course  of  the  aircraft  development,  much  of  it 
accomplished  In  flight  test  with  correspondingly  large  cost. 

The  purposes  of  the  Ref.  12  work,  were  to 

•  explore  the  origins  of  the  roll  ratchet  phenomenon; 

•  develop  insights  about  the  tradeoffs  involved  in  adjusting  the  properties  of 
force  sensing  sldesticks; 

o  present  guidelines  to  minimize  roll  control  problems. 

Filot-Dynealc  System  Considerations 

To  begin  with,  using  the  detailed  model  of  the  neuromuscular  system  (instead  of  only 
approximating  Its  phase  lag  contribution)  and  superimposing  It  on  a  K/s  controlled 
element  for  the  low  frequency  approximation  as  In  Fig.  11,  we  see  an  open-loop  reasonant 
peak  in  the  2  to  3  Hz,  frequency  range  due  to  the  neuromuscular  system.  The  corre¬ 
spondence  of  this  frequency  range  and  observed  roll  ratchet  frequencies  Is  very  unlikely 
to  be  a  coincidence;  so,  at  observed  roll  ratchet  frequencies  the  neuromuscular /limb 
node  clearly  should  be  taken  into  account. 

Accordingly  an  experiment  was  designed  to  Investigate  and  quantify  llnb/nanlpulator 
dynamics  and  Interactions  between  the  neuromuscular  subsystem,  force  sensing  side-stick 
conf Iguralton,  high  gain  command  augmentation,  and  command  filtering;  and  to  investigate 
possible  relationships  between  these  interactions  and  the  roll  ratchet  phenomenon.  A 
longer  range  goal  was  to  provide  and  enhance  guidelines  for  manipulator-system  design. 


The  experimental  setup  used  a  fixed  base  simulation  of  a  roll  tracking  task  In 
which  the  pilot  aatched  his  bank  angle  with  that  of  a  "target"  having  pseudo-r  andom 
rolling  notions  obtained  via  a  coaputer  generated  sun  of  sine  waves.  The  tracking  air¬ 
plane  (controlled  eleaent)  approxlaated  a  high  gain  roll  rate  coaaand  system  with  an 
effective  roll  subsidence  or  flight  control  system  prefllter  tine  constant,  T,  whichever 
is  larger.  It  also  included  a  pure  tlae  delay,  t,  which  for  very  small  values  of  t  aay 
be  a  realistic  approxlaat Ion  to  digital  flight  control  systea  saaple  and  hold  dynamics. 
The  parameter  values  for  T  and  t  used  in  the  experlaent  were  generally  consistent  with 
those  for  a  modern  flight  control  systea  designed  to  have  Level  1  flying  qualities. 
Thus,  they  should  produce  excellent  effective  controlled  elements  providing  the  gain  is 
appropriately  adjusted. 

The  sldestick  manipulator  variables  Included  three  stick  displacement  configura¬ 
tions:  fixed  (no  displacement),  as  In  the  F-16  (Ref.  13);  0.77deg/lb  (small)  stick 
motion;  and  1.43  deg/lb  (large)  stick  motion.  The  latter  two  aatched  the  displacement/ 
force  characteristics  employed  In  an  NT-33  flight  test  (Ref.  14).  Analog  signals  from 
the  manipulator  force  sensor  and  the  resulting  roll  response  4  were  passed  through  an 
A  to  0  converter  to  a  digital  computer  where  YpYc  describing  functions  and  various 
performance  measures  were  computed.  The  computations  were  essentially  on-line  and 
printed  out  at  the  conclusion  of  each  run.  Some  330  data  runs  were  accomplished  which 
provided  a  tremendous  data  base  from  which  to  determine  or  Identify  the  various 
Interactions  of  Interest. 

Since  roll  ratchet  had  not  previously  been  observed  or  recognised  In  fixed-  or 
moving-base  simulations,  the  first  objective  of  the  experiment  was  to  tune  the  con¬ 
trolled  element,  manipulator,  and  comma  nd/force  gradients  to  try  to  achieve  roll 
ratchet,  or  at  least  maximize  roll  ratchet  tendencies.  In  the  fixed-base  simulation.  A 
key  factor  based  on  pr e -e xpe r Ime nt  analysis  was  that  describing  function  measurements 
must  cover  the  limb  neuromuscular  peaking  frequency  region,  and  forcing  functions  should 
be  adjusted  to  emphasize  good  data  in  the  neuromuscular  sybsystem  region. 

Bmperimemtml  Neuromuscular  Peaking  Tendencies 

Figure  12  presents  example  describing  function  measurements  for  3  runs  using  the 
fixed  force  stick  and  a  controlled  element  having  a  command/force  gradient  of  4  deg/sec/ 
lb,  no  time  lag,  T,  and  a  time  delay  of  about  70  ms.  Amplitude  departures  from  the 
expected  mc/s  crossover  characteristics  are  the  contributions  of  the  pilot's  neuro¬ 
muscular  system  at  high  frequency  and  his  trim  lag-lead  at  low  frequency.  The  highest  3 
frequencies  show  a  peaking  In  the  vicinity  of  14  rad/sec  for  2  of  the  3  runs;  and  there 
Is  remarkable  consistency  In  both  amplitude  and  phase  measurements  across  all  frequen¬ 
cies  for  all  3  runs.  Two  of  the  amplitude  data  points  at  14  rad/sec  lie  slightly  above 
the  0  dB  line.  This  represents  a  neutral  or  slightly  unstable  dynamic  mode  If  the  phase 
angle  Is  near  -f 80  deg  at  this  frequency.  This  Chert  coaid  be  interpreted  es  effecting 
roll  ratchet. 

The  peaking  tendency  shown  Is  representative  of  a  large  amount  of  the  data  obtained; 
and  this  frequency  la  consistent  with  the  roll  ratchet  frequencies  observed  In  the 
flight  traces. 

Additional  measurements  and  correlations  show  that  a  time  delay  of  approximately 
0.063  to  0.07  tends  to  maximize  the  neuromuscular  system  peaking.  At  time  delays  either 
below  or  above  these  values,  the  peaking  tendency  decreases.  Of  all  the  controlled  ele¬ 
ments  examined,  Kc/s  shows  the  minimum  tendency  for  a  peak.  Interestingly,  the  time 
delays  which  maximize  the  neuromuscular  peaking  would  be  considered  good  from  the  MIL- 
8785  flying  quality  specification  standpoint.  In  essence,  these  data  show  that  the  ten¬ 
dency  to  peaking  can  be  "tuned”  by  the  adjustment  of  the  controlled  element  effective 
delay,  with  a  maximum  effect  near  0.07  sec. 

Also,  the  peaking  sensitivity  to  comma nd/f or ce  gradients  ranging  from  3  deg/sec/lb 
(slightly  lower  than  on  the  F-16)  up  through  15  deg/sec/lb  (utilized  in  the  NT-33),  is 
only  slightly  Increased  in  the  vicinity  of  7.5  deg/sec/lb  command  force  gradient  for  a 
fixed  stick  and  a  time  delay  of  0.067  sec.  This  is  about  the  same  value  as  the 
response/ f orce  ratio  for  the  flight  encountered  ratcheting.  This  may  or  may  not  be 
coincidental.  However,  It  Is  significant  that  there  is  appreciable  peaking  of  the 
neuromuscular  systea  across  the  entire  gain  range  Investigated  in  these  experiments. 

There  Is  relatively  little  difference  between  the  fixed  and  small  deflection  force- 
sttck.  Both  show  an  Increase  In  neuromuscular  peaking  tendency  for  the  0.067  and  0.1 
sec  time  delays,  a  tendency  to  maximum  peaking  In  the  vicinity  of  14  rad/sec  and  con¬ 
siderably  less  peaking  for  the  zero  time  delay  cases.  The  large  deflection  stick,  on 
the  other  hand,  ahows  little  peaking  across  the  11  to  19  rad/sec  frequency  band  and  a 
lack  of  sensitivity  to  the  controlled  element  time  delay. 

AdjoatMBt  of  Pilot  Ui4 

Comparison  of  the  phase  angle  data  points  in  the  Fig.  !2  and  13  examples  indicates 
that  the  pilot  has  Introduced  lead  in  the  Fig.  13  case  which  essentially  cancels  the 
time  lag  at  0.2  secs,  so  that  the  amplitude  ratio  is  «c/s-like  In  the  vicinity  of  the 
crossover.  However,  there  is  now  considerable  scatter  In  the  data  points  In  the  region 
of  the  neuromuscular  system  peaking  dynamics.  In  only  one  of  the  three  runs  shown  In 
Fig.  13  was  there  s  peaking  tendency  for  the  neuromuscular  system;  In  the  other  two 
runs,  the  amplitude  data  points  lie  quite  close  to  the  YpYc  asymptote. 


>8 


For  tha  Fig.  14  lag  time  coaseanc  of  0.4  tec.,  the  phase  plots  show  thst  the  pilot 
has  now  uv«4  hts  load  to  precisely  cancel  tha  controlled  element  tlaa  lag  so  tha 
resulting  YpYc  — ♦  ac/s  throughout  tha  frequency  region  of  Interest.  The  peaking  ten¬ 
dency  of  the  neuroausculer  syetea  is  no  longer  evident  and  there  should  he  little  chance 
of  roll  ratchet.  However,  the  roll  control  bandwidth  has  now  been  reduced  to  spproxl- 
aately  2.)  rad/sec  whereas  It  was  approximately  4.5  rad/sec  for  the  saaller  tine 
constants.  If  the  pilot  were  to  atteapt  a  4.5  rad/sec  bandwidth  In  the  presence  of  the 
lag  characteristics  shown  in  Fig.  14,  a  F10  would  occur  at  roughly  that  frequency 
(4  rad/sec).  Thus  in  reducing  or  ellalnsting  the  roll  ratchet  tendency,  we  nay  have 
substituted  a  tendency  for  the  lower-frequency  FIO. 

The  direct  experimental  evidence  for  actual  roll  ratchet  in  the  fixed  base  simula- 
tlon  was  not  very  solid.  However,  considering  the  possible  0.1  sec  reduction  in  the 
pilot  tins  delay  due  to  notion,  it  can  be  concluded  that  the  fixed-base  neuroausculer 
peaking  exaaples  which  show  negative  gain  aarglns  of  the  aaplltude  ratio  peak  are  quite 
likely  to  result  In  oscillations  in  the  flight  situation. 


Certain  of  the  experlaental  controlled  eleaents  essentially  duplicate  the  F-16  con¬ 
figurations  tested  in  Flight  (Ref.  13),  and  the  qualitative  results  and  trends  are  the 
sane.  The  conproalse  prefilter  for  the  F-16  had  a  tlae  constant  of  0.2  rad/sec  which  Is 
shown  in  Fig.  13  to  allow  a  coafortable  bandwidth  slightly  above  3  rad/sec  and  having  30 
to  35  deg  of  phase  nargln  and  a  auch  reduced  neuroausculer  peaking  tendency.  Thus  there 
should  be  alnlnun  tendency  for  either  low  or  high  frequency  PIO  although  the  data 
scatter  In  the  higher  frequency  range  of  Fig.  13  show  thst  conditions  favorable  to  roll 
ratchet  could  pop  up  froa  tiee  to  tlae. 

Another  coaparlson  between  siaulatlon  results  and  flight  data  can  be  drawn  froa  the 
Investigation  of  roll  ratchet  and  various  prefilter  configurations  flown  In  the  NT-33 
(Ref.  15).  However,  a  major  difference  was  the  use  of  a  center-stick  In  the  NT-33.  The 
roll  ratchet  encountered  In  this  flight  test  was  at  approxlaate ly  16  rad/sec. 

Figure  15  Includes  these  and  other  data  in  a  plot  of  coaaend/f orce  gradient  versus 
the  roil  tlae  constant,  Tg.  The  circles  Identify  configurations  flown;  the  open  syabols 
reflect  no  ratchet  obtained,  the  shaded  syabols  reflect  roil  ratchet  observed  by  one  or 
■ore  of  the  evaluation  pilots  over  the  range  of  tlae  delays  investigated.  (In  alaost 
every  case,  the  ratchet  only  occurred  with  non-xero  t  as  in  the  lab  siaulatlon.) 

The  square  syabols  in  Fig.  15  are  configurations  investigated  In  the  fixed-base 
siaulatlon.  The  open  syabols  Identify  configurations  for  which  the  YpYc  zero  dB  line 
did  not  pass  through  the  neuroausculer  peak  (no  ratchet  possibility).  The  shaded 
squares  Identify  configurations  for  which  the  zero  dB  line  passed  through  the  peak 
(ratchet  possibility).  The  letters  F,  S,  L  reflect  the  displacement  of  the  simulator 
side-stick.  It  is  likely  that  the  L  side-stick  aost  closely  matched  the  NT-33  center- 
stick  characteristics. 

There  Is  very  good  correlation  between  the  flight  and  lab  simulation  ratchet  tenden¬ 
cies  shown  in  Fig.  15.  The  dashed  line  appears  to  separate  the  non-ratchet  from  the 
ratchet  conf igu rat  ions  except  for  the  two  or  three  lowest  comaand/f orce  gradient  config¬ 
urations  at  Tr  -  0.2  sec.  It  is  possible  that  this  difference  may  be  related  to  wrist 
(simulation  side-stick)  versus  arm  (flight  center-stick)  neuromuscular  subsystem  contri¬ 
butions  at  the  lower  command  (higher  force)  configurations.  The  good  agreement  between 
flight  and  simulator  results  la  Interpreted  as  an  encouraging  validation  of  the  simu¬ 
lator  definition  of  ratchet  potential  --  l.e.,  neuromuscular  peaking  cut  by  the  YpYc 
zero  dB  line. 

Come la si erne 

Crossover  Model  Refinements 


a  The  property  <*>C(YC)  -  constant  extends  over  an  order  of  magnitude  variations  in 
Kc  changes  In  force  gradient.  <*»c  begins  to  fall  off  as  very  small  Rc  demands 
great  pilot  effort  (large  Rp)  to  keep  «c  constant. 

m  Controller  element  lags  for  Yc  ■  Kc/(Ts  ♦  1)  are: 

--  almost  exactly  cancelled  by  pilot  lead  when  T  >  0.2  second  (lag  breakpoint 
of  5  rad/sec); 

—  partly  offset  by  pilot  lead  of  approximately  1/8  second  when  T  <  0.2  second. 

Thus  the  adjustment  rule  indicating  that  pilot  lead  w>ll  offset  controlled  ele¬ 
ment  lags  by  nearly  exact  cancellation  now  has  a  lower  limit  at  about  1/8 
second. 

Human  Fllot  Llmb-Hanlpulator  Dynamics 

m  The  classical  third-order  system  approximation  for  the  limb-manipulator  portion 
of  the  human  neuromuscular  system  is  both  adequate  and  an  essential  minimum  form 
needed  to  consider  pilot-aircraft  system  dynamic  Interactlona  in  the  frequency 
range  from  8-204  rad/sec. 
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•  The  peaking  tendency  (damping  ratio,  Cg  )  of  the  quadratic  component  of  the 

third-order  approximation  le  a  very  etroag  fuaetlon  of  the  controlled  element 
dynamics  —  In  nnsenen  thin  feature  can  he  "tuned"  by  adjusting  controlled 

element  properties. 

e  for  all  stick  £ orce/dlsplaceaent  characteristlca  investigated  the  highest  Cn 
(smallest  peaking  tendency)  occurred  for  Yc  -  Kc/s  controlled  eleaents. 

•  Pure  time  delay  induces  a  greater  peaking  tendency  than  an  equivalent  time  leg. 

•  Distinct  peaking  tendencies  occurred  for  fixed  and  aaall  stick  deflections  for 
t  -  0.07  and  0.1  second. 

e  The  controlled  eleaent  fora  which  exhibited  the  aaxlaua  peaking  tendency  (  AAR  - 

7  dl)  was  Yc  ■  Kce~TS/s»  for  t  »  0.07  sec.  Higher  and  lower  values  of  t 

resulted  In  less  peaking. 

•  Por  large  stick  deflections  the  peaking  tendency  la  alnialxed  or  non-existent, 
toll  Ratchet  Connections 


e  The  data  strongly  support  the  suggestion  that  the  roll  ratchet  phenomenon  Is  a 
closed-loop  pilot-vehicle  system  Interaction  In  which  the  pilot's  neuromuscular 
dynamics  play  a  central  role. 

e  Ratchet  tendencies  can  he  detected  In  fixed-base  simulations  by  careful  tailor¬ 
ing  of  the  forcing  function  and  examination  of  particular  stretches  of  data. 
Unlike  the  case  in  flight,  the  pilot  may  not  be  aware  of  the  occasional  ratchet. 

e  The  ratchet  potential  of  a  given  configuration  Is  associated  with  the  degree  of 
neuromuscular  system  peaking.  This  peaking  tendency  can  be  "tuned"  or  "detuned" 
by  controlled  adjustments  In  the  effective  vehicle  dynamics. 

e  This  le  readily  assessed  In  a  fixed-base  simulation  by  describing  function 
measurements  In  tracking  tasks  conducted  with  an  appropriate  forcing  function. 
Such  procedures  are  recommended  as  pre-flight  development  tests  with  modern  fly- 
by-wlre  command  augmentation  systems. 

#  Ratchet  tendencies  are  most  severe  on  force  sensing  sldestlck  manipulators  with 
small  stick  deflections. 

LATBRAL  FLIGHT  DIRBCTOt  DESIGN 

(■sample  5) 

The  purpose  of  this  example  la  to  apply  the  theory  of  manual  control  displays  to 
develop  design  principles  for  advanced  flight  director  systems  and  to  Illustrate  some  of 
these  principles  with  modern  lateral  flight  director  design  (Ref.  16). 

In  general,  a  flight  director  system  Includes  the  display  elements,  the  pilot,  and 
the  effective  (augmented)  vehicle  In  a  feedback  control  system,  with  the  flight  director 
display  presenting  both  command  and  status  Information.  The  command  elements  provide 
steering  signals  combining  desired  path  and  aircraft  motion  quantities.  These  are 
shaped,  filtered  and  appropriately  mixed  to  permit  the  pilot  to  close  the  combined 
system  loop  with  ease  and  efficiency. 

The  status  Information  indicates  the  aircraft  state  relative  to  the  external  world; 
for  example,  locallser  and  glide  path  signals,  and  altitude  and  airspeed  error. 

The  nub  of  the  dynamic  design  problem  for  flight  director  systems  Is  the  selection 
of  the  appropriate  mix  of  signals  to  make  up  the  steering  commands.  This  mix  must  rec¬ 
ognise  that  when  flight  director  control  is  contrasted  with  pilot  operation  on  raw,  full 
panel  data,  the  primary  advantage  of  the  flight  director  is  that  it  can  be  designed  to 
saelsfy  pilot-centered  needs  and  desires.  Consequently,  these  advantages  should  be  con¬ 
sidered  In  terms  of  the  relevant  pilot  properties  and  available  theory  from  the  very 
outset  of  design.  Instead  of  as  a  final  ad  hoc  tuning  up  procedure  which  makes  do  with 
what  la  available. 

A  summary  of  all  requirements  central  to  design  of  such  systems  (evolved  e.g.,  in 
Refs.  17-19)  Is  given  In  Table  3. 

Guidance  and  Control  Requirements  * 

Guidance  and  Control  Requirements  are  Independent  of  the  type  of  controller,  manual 
or  automatic.  In  general,  they  are  such  to  establish  the  aircraft  on  a  commanded  path/ 
speed  profile,  and  to  reduce  any  path  errors  and  disturbance  effects  to  sero  in  a 
stable,  wall-damped  manner.  They  lead  to  outer-loop  feedbacks  and  command  feed  forwards 
which  are  required  to  accomplish  the  mission.  Additional  Inner-loop  feedbacks  are 
needed  to  permit  the  first  set  of  feedbacks  to  function. 
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Fi lot -centered  rcquirtMiti  itta  fro*  the  praiaaea  of  a  human  pilot  In  tho  control 
loop  which  placoa  additional  raquiraaontt  on  tho  apacif icat Ion  of  tho  guidance  and  con¬ 
trol  laws,  as  follows,  fron  Table  3. 

Minimum  Pilot  Compensation 

As  noted  in  the  preceding  lecture,  whnn  low-frequency  lead  is  required  of  the  pilot, 
his  dynamic  capacity  la  reduced  by  Increased  time  delay  and  resulting  degraded  system 
performance.  Pilot  ratings  also  suffer,  end  may  deteriorate  further  If  the  gains  are  in 
a  non-optimum  region  (too  sensitive  or  too  sluggish).  Accordingly,  the  effective  con¬ 
trolled  element  should  be  constructed  to: 

e  Require  no  low-frequency  lead  equalisation. 

e  Pernit  pilot  loop  closure  over  a  wide  range  of  gains. 

This  can  best  be  achieved  when  the  effective  controlled  element  (airplane  plus  SAS 
plus  flight  director)  approximates  a  pure  integration,  K/s,  over  a  fairly  broad  region 
centered  about  the  piloted  system  crossover  frequency. 

Finally,  the  dlsplay/controlled-element  dynamics  should  be  approximately  time  invar¬ 
iant,  implying  that  the  beam  error  be  range  compensated.  The  pilot  can  adjust  to  non- 
statlonary  situations,  but  this  Involves  adaptation  end  learning  which  Increases  task 
difficulty  and  degrades  performance. 

Response  Quality 

Response  quality  refers  to  certain  aspects  of  the  display,  and  path,  responses  which 
directly  affect  the  pilot's  subjective  opinion  of  the  system.  The  display  response 
qualities  are: 

e  Command  bar  consistency  —  Correspondence  between  the  command  signal  and  the 

vehicle  or  control  motions  in  each  of  several  frequency  bands.  At  low  frequency 
the  command  should  be  consistent  with  peth  deviation  and  aircraft  heading.  The 
mid-frequency  response  should  be  consistent  with  vehicle  attitude  motions  and  at 
high  frequency  with  attitude  rate  or  control  displacement. 

e  Face  validity  —  The  command  bar  motions  must  be  consistent  with  the  status 

information  without  discontinuities  or  step  commands  that  require  large  sudden 
control  inputs  (and/or  result  in  attitude  overshoots). 

e  Response  compatibility  --  The  command  bar  response  should  not  requle  aggressive 
control  activity  nor  should  it  appear  "busy"  to  the  pilot. 

Aircraft  motion  response  qualities  for  s  centered  flight  director  are: 

e  Modal  interactions  —  The  closed-loop  system  response  should  be  rapid  and  well 
damped  with  minimum  coupling  between  the  modes  of  motion.  The  path  and  attitude 
nodes  should  be  well  separated  tn  frequency;  and  loop  closure  should  not  drive 
the  system  modes  into  near  proximity. 

m  Path  mode  consistency  —  The  system  response  to  en  offset  Initial  condition  (due 
to  an  external  disturbance,  pilot  Inattention,  etc.)  should  not  result  In  "long 
tails, "  steady  offsets,  overshoots,  or  abrupt  large  attitude  changes.  The 
latter,  overdriving  of  bank  or  pitch,  is  not  consistent  with  normal  IFR  piloting 
technique  and  results  in  degraded  pilot  opinion  and  passenger  comfort. 

Frequency  Separation  of  Controls 

The  lower  frequency  range  of  control  for  each  director  bar  (e.g.,  throttle  and 
column)  should  also  be  separated.  In  this  way  one  director  Is  primary,  e.g.,  for  path 
regulation;  and  the  other  Is  for  lower-frequency  trim,  thus  reducing  the  scanning  work¬ 
load  between  the  two  directors  to  an  acceptable  level. 

Won-Interactlng  Controls 

Each  director  should  be  essentially  non-interacting,  meaning  that  closure  of  one 
director  loop  will  not  produce  an  undesirable  response  on  another  director. 

Insensitivity  to  Pilot  Response  ' 

This  implies  a  broad  region  of  K/s  where  the  pilot  can  close  the  loop  with  an  accep¬ 
table  phase  margin.  Additionally,  there  should  be  no  problems  with  inattention  such  as 
would  occur  if  bean  Integral  were  fed  beck  to  the  flight  director.  In  this  case,  when 
the  pilot  is  not  responding  to  the  director,  small  locellser  deviations  will  integrate, 
to  large  director  commands.  When  the  pilot  then  centers  the  bar,  he  drivea  the  aircraft 
off  the  bean  until  the  integrator  output  cancels  the  locellser.  The  return  to  the  bean 
is  then  very  slow  with  a  time  constant  near  that  of  the  integral  term. 
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Pilot  r«iBJQC  aay  bo  of  throo  kinds  —  residual,  scanning,  and  processing  reanants, 
A  basic  reason  for  having  a  flight  director  In  the  first  place  Is  to  decrease  the  number 
of  displays  and  thereby  the  scanning  remnant.  The  basic  trade-off  here  Is  to  aaxlalse 
the  Information  on  the  flight  director  while  keeping  the  display  uncoapllcated.  High- 
frequency  control  notions,  characteristic  of  pilot  reanant,  should  not  show  up  when 
flying  the  flight  director  display.  This  follows.  In  part,  froa  making  the  effective 
controlled  eleaent  a  E/s  l.e.  ,  high-frequency  signals  are  filtered.  Pure  gain  effective 
controlled  eleaents  which  do  not  attentuate  high-frequency  coaponents  tend  to  look  very 
busy  because  of  pilot  remnant. 

Design  Analysis  Prseedare 

With  these  fundamental  requirements  established  we  can  now  turn  to  specific  consid¬ 
eration  of  an  exaaple  of  lateral  flight  director  design  for  curved  path  following.  To 
begin  with  we  consider  the  effects  of  various  possible  feedbacks  on  the  pllot/vehlcle 
systea  requirements,  as  given  In  Table  4.  Two  basic  design  concepts  show  considerable 
proalse  In  achieving  curved  path  tracking;  first,  Conventional"  feed-forward  of  certain 
trajectory-dependent  paraaeters  (Plight  Director  A)  and,  second,  less  conventional ,  tra¬ 
jectory-independent  washed-out  bank  angle  feedback  (Flight  Director  !)•  A  generalised 
systea  for  lateral  control  Is  shown  In  the  Fig.  16  block  dlagraa  which  aasuaes  that:  1) 
the  beam  la  range  coapensated;  2)  all  turns  are  coordinated;  and  3)  localizer  noise  Is 
sero. 

Dynamic  kequlreaents 

The  characteristic  equation  of  the  Pig.  16  closed-loop  systea  Is  given  by: 
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Closure  of  the  flight  director  loop  vis  human  (or  automatic)  pilot  drives  the  systea 
poles  into  the  flight  director  zeros,  which  are  defined  by  the  shaping,  and  relative 
weighting  of  the  feedbacks  and  f eedf orwilrds ,  Ct.  snd  A  in  Eq.  7  represent  the  roll 
nuaeretor  snd  cheractsrls t ic  equation  of  the  augmented  airplane  which  generally  has  the 
following  fora: 
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Genarlcally,  the  doainant  roots  of  the  augmented 
mode  and  a  spiral  aode  at  (or  near)  the  origin, 
defines  tha  effactive  fllgt  director  to  wheel 
Eqa.  7,  8)  follows: 


airplane  consist  of  a  roll  subsidence 
Then,  open-loop  transfer  function  whch 
response  (obtained  froa  Fig.  16  and 
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The  generic  root  locus  snd  Bode  (frequency)  characteristics  of  a  typical  piloted  closure 
are  given  In  Fig.  17  where  the  closed-loop  characteristic  aodes  aey  be  optimised  by 
adjusting  tha  nuaerator  seroa  through  manipulation  of  the  feedback  transfer  functions  In 
Eq.  9.  The  following  requlreaenta  result  directly  froa  these  considerations. 

a.  The  nuaerator  must  be  at  least  s  sacond  order  at  frequencies  well  below  the  roll 
aode  (*d  <<  1/Tg)  for  systea  stability  and  to  aaxlalse  the  region  of  E/s.  Aaong 
other  things,  this  iaplles  6^  M 

b.  Heading  feedback,  G ^  and/or  beam  rate  feedback,  Gj,  Is  necessary  for  system 
damping. 

c.  The  frequency  of  the  nuaerator  teros  (<*q)  determines  the  eaxlaua  achievable 

closed-loop  systea  bandwidth.  As  such.  It  aust  be  large  enough  to  allow  good 
coaaand  following  snd  disturbance  regulation. 

Hots  that  a  and  c,  above,  are  in  conflict  and  Involve  a  fundamental  tradeoff  between 
coaaand  f ol lowing/disturbance  regulation  and  systea  stability. 

Staady-State  acquirements 

The  above  analysis  provldaa  certain  Insights  as  to  the  necessary  fora  of  the  feed¬ 
backs  to  obtain  desirable  system  dynamic  response.  To  coaplete  the  picture,  we  heve  to 


also  consider  th«  »f»4r*«t<U  requirements,  which  relate  to  degrees  of  command- 
following  (ntrnlght  to^  curved  course*)  and  disturbance  regulation  (wind  end  wind 
sheer).  Such  analyses,  detailed  in  Ref.  16,  show  that,  considering  all  possible  eoabln- 
atlons  and  slnple  dynamic  forns  for  the  G  operators  in  Fig.  16  (except  Integral  equali¬ 
sation  on  6^  and  Gj  which  could  force  locellser  standoff),  the  practical  poeslblltles 
yielding  aero  path  error  to  curved  paths  and  wind  shears  are: 

•  Bean  (ky)  and  bean  rate  (k^s),  without  bean  Integral,  along  with  washed-out  roll 
angle. 

e  The  use  of  feedforward  connands  deserves  consideration. 

Both  alternatives  were  considered  In  the  present  design  exercise,  FD  A  with  a  feed¬ 
forward  and  FD  B  with  washed-out  feedback. 

Far an* ter  Adjustment  (FD  A) 

In  general,  the  analytical  design  procedure  to  set  the  final  syaten  gains,  feedback 
transfer  functions  and  Uniters  was  fornulated  so  that  the  systen  requtrenents  expressed 
earlier  could  be  Interpreted  directly  In  terns  of  certain  quantitative  criteria.  For 
FD  A,  the  flight  director  to  5W  nuserator  takes  the  following  generic  forn: 
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The  seros  of  this  numerator  represent  the  Uniting  characteristics  of  the  systen  closed- 
loop  nodes  as  the  pilot  Increases  his  gain,  Kp.  Conparison  of  Eq.  10  with  Eq.  9  reveals 
that  the  addition  of  roll  rate  feedback,  l.e.,  -  K+  +  Kps,  Increases  the  order  of  N^w 
fron  two  to  three,  naklng  the  effective  controlled  elenent  (Rg  /  A)  K/s-llke  out  to 
Infinite  frequency.  The  coefficients  of  Eq.  10  were  adjusted  In  accordance  with  the 
pilot/vehlcle  requirement*  discussed  earlier,  resulting  in  the  systen  survey  shown  in 
Fig.  18.  This  is  valid  for  ell  flight  conditions  because  the  augnented  lateral  airplane 
transfer  function  Is  essentially  Invariant  with  speed. 

The  root  locus  In  Fig.  18  Indicates  that  the  donlnant  systen  resonse  Is  third  order 
with  the  second-order  closed-loop  flight  director  node,  wy]>,  occurring  at  slightly 
higher  frequency  than  the  first-order  subsidence,  l/TyD,  In  the  region  of  crossover. 
One  of  the  prlnary  goals  in  the  design  was  to  nake  the  effective  controlled  elenent, 
FD/AW,  K/s-llke  over  a  broad  range  of  frequencies,  and  this  is  reflected  in  the  Bode 
amplitude  plot.  The  gain  crossover,  estlnated  fron  the  results  of  several  slnulator 
prograns,  is  In  the  K/s  region  and  very  near  the  frequency  for  naxlnun  phase  nargln. 
Notice  that  deviations  In  pilot  gain  fron  the  (assuned)  nonlnal  by,  say,  ±  6  dB  do  not 
greatly  affect  the  resulting  closed-loop  nodes  (see  Bode). 

There  was  sons  initial  concern  over  the  (conditionally)  unstable  root  locus  at  low 
frequency  (near  the  origin)  and  the  effect  this  night  have  during  periods  of  unattended 
operation.  However,  this  was  not  a  problem,  and  the  pilots  were  totally  unaware  of  any 
conditional  stability  aspects  of  the  flight  director. 

The  third-order  nature  of  the  response  (two  nodes  at  nearly  the  same  frequency) 
prompted  consideration  of  the  response  qualities  requirement,  discussed  above.  For 
example.  Increasing  the  rate  gain,  Ky,  tends  to  drive  1/Tfd  and  l/TFD  towards  the 
origin,  and  results  In  a  hlgher-order-looklng  response,  characterised  by  a  locellser  bug 
that  Initially  moves  toward  the  center  and  then  seeas  to  stand  off. 

Figure  19  shows  the  (time  response)  disturbance  regulation  properties  in  response  to 
a  crosswind,  and  an  initial  offset  of  122  m  (400  ft)  for  the  closed-loop  airplane/ 
display/pilot  system.  For  both  positive  and  negative  crosswinds  of  25  kt  the  disturb¬ 
ance  regulation  characteristics  are  seen  to  be  quite  good  with  the  aircraft  on  course  at 
an  established  crab  angle  within  20  sec.  For  left  crosswind,  the  bank  angle  Halter  is 
saturated  until  course  convergence  la  established,  resulting  In  a  discontinuity  In  the 
flight  director  signal  at  about  5  seconds  as  the  signal  comes  off  the  limiter.  What 
this  amounts  to  is  a  sudden  change  in  the  effective  flight  director  law  fron  PDW  - 
(4  lin"  ♦)  to  *Dw  *  *D.  ♦*  P)*  While  this  violates  the  pilot-centered  require¬ 
ments  for  "face  validity,"  It  is  difficult  to  avoid  since  the  bank  angle  limiter  is 
necessary  to  satisfy  other  pilot-centered  requirements.  Piloted  simulation  results 
indicated  that  this  problem  was  not  objectionable  enough  to  downrate  the  system,  espe¬ 
cially  since  it  occurred  only  after  a  large  abuse,  (400  ft  offset  In  a  25  kt  crosswind). 

Fnrammemf  Adjustment  (FD  B) 

As  noted  earlier.  Flight  Director  B  does  not  require  feedforward  signals  and  will 
track  any  arbitrary  path  without  external  inputs.  The  dealgn  la  leas  straight! award 
than  FD  A,  requiring  additional  tradeoffs  and  some  performance  compromises.  As  shown  In 
Ref.  16,  the  system  limitations  are  of  practical  interest  only  when  s  small  turn  radius 
Is  required  (Rc  <  1219  m  (4000  ft).  For  such  cases,  a  washed-out  (s/s  4-  l/Two)  step 
bank  angle  command  must  be  added  to  allow  the  aircraft  to  "blend  in”  to  the  curved  path 
prior  to  reaching  the  point  of  tangency. 


This  Increases  PD  B  frot  s  third-order  nuiarator  (PD  A)  to  a  fifth-order  numerator 
dus  to  ths  bank  angle  washout  circuit,  and  «  lag  la  GJ  required  to  filter  beam  noise, 
which  was  effectlveljr  eliminated  la  Plight  Director  A  by  complementary  filtering.  The 
design  of  Plight  Director  B  Is  predicated  on  being  able  to  follow  any  bean  shape  (within 
systen  Units)  without  prior  knowledge  of  the  bean  geonetry.  Sone  of  the  considerations 
relative  to  parsneter  adjustment*  are  shown  in  Table  5. 

The  final  adjustnents  Involved  setting  the  roll  rate  feedback,  Kp,  to  naxlnlse  the 
region  of  K/s  in  the  effective  controlled  elenent.  It  was  deternlned  by  auxiliary 
analyses  that  as  I.  is  increased,  the  effective  feedback  becomes  the  derivative  of 
crosetrack  acceleration,  y  (y  -  gp),  and  the  path  seros  decrease  in  frequency.  As  a 
result.  It  is  necessary  to  strike  a  conpronlse  etween  the  pilot-centered  requirement  for 
K/s  at  high  frequencies  and  path  node  stability. 

With  the  above  considerations  in  nlnd,  the  systen  paraneters  were  adjusted  to  give 
the  controlled  elenent  characteristics  shown  in  Pig.  20.  The  crossover  frequency  shown, 
estimated  fron  simulator  tine  responses,  corresponds  to  near-naxlnun  phase  nargln.  The 
conpronlse  involved  in  setting  the  p  feedback  gain  is  evident  fron  the  region  of  K/a* 
between  1/t  and  1/TFD2  ln  th«  Bode  asynptotes. 

The  Bode  anplltude  of  PD  B  Is  down  by  a  factor  of  1.5  fron  PD  A  in  the  region  of 
crossover.  Piloted  sinulator  experiments  indicated  that  this  was  too  low  and  the  dis¬ 
play  gain  was  therefore  set  to  1.3. 

As  in  PD  A,  the  low-frequency  conditional  instability  was  found  to  have  no  effect  on 
pilot  opinion. 

Figure  21  shows  PD  B  responses  to  a  lateral  offset  in  the  presence  of  a  negative 
crosswind.  Note  that  nost  of  the  lateral  offset  is  removed  in  IS  seconds  and  that  the 
last  10  percent  seems  to  stand  off,  but  in  fact  goes  to  sero  In  3Ta  ■  A3  sec.  This 
effect  is  inherent  to  the  washed-out  systen  and  is  at trlbutrable  to  the  residual  output 
of  the  washout  circuit  which  causes  an  effective  standoff  with  y  c.  Such  residual 
lateral  offset  was  found  to  be  negligible  during  the  sinulator  evaluations  of  PD  B. 

On  the  other  hand,  the  regulation  characteristics  to  crosswind  shear  (not  shown)  is 
considerably  lnproved  by  PD  B  reducing  the  cross-track  error  (to  a  2.23  ft/sec2  cross- 
wind  shear)  fron  30*  (PD  A)  to  about  5'. 

The  fundamental  advantage  of  the  washed-out  bank  angle  director  lies  in  Its  ability 
to  track  an  arbitrary  course  (within  design  Units)  without  the  benefit  of  external 
guidance  Inputs  ln  the  form  of  feedforward  connands.  The  tine  response  characteristics 
of  a  curved  course  intercept  fron  a  straight  course  are  shown  in  Pig.  22  ln  caln  air  and 
wieh  a  25  kt  tailwind.  These  results  are  for  a  1219  n  (4000  ft)  turn  radius  and  a  true 
airspeed  of  90  kt.  Course  transients  at  the  Intercept  point  are  Inherent  due  to  the 
lack  of  an  advanced  bank  angle  connand  and  are  sensitive  to  the  connanded  turn  radius, 
true  airspeed,  and  wind. 

Conclusions 

Application  of  the  systen  requirements  produce  viable  and  workable  flight  director 


MOLTtPLK  LOOP  UK AMP LIS 

We  depart  now  fron  the  single-loop  situations  so  far  examined  to  consider  the  more 
complex  multiple-loop  situations,  which  are  mostly  associated  with  longitudinal  control. 

In  the  first  place  we  recognise  the  existence  of  experimental  evidence  (Ref.  3)  that 
the  Pilot  Model  is  applicable;  and  identify  ln  general  how  it  is  to  be  applied  in 
Table  6. 

An  lnportant  feature  of  such  application  is  the  selection  of  the  loop  structure  to 
be  used,  which  is  not  always  readily  apparent.  Instead,  the  possible  feedbacks,  and 
their  flight  control  consequences,  nust  sometimes  be  carefully  compared  to  ascertain 
those  that  would  be  pref erred/selected  by  a  skilled  controls  designer  (much  as  for  the 
lateral  flight  director  exanple).  A  good  test  pilot  will  "find"  these  preferred  struc¬ 
tures  and  develop  the  sane  vehicle-appropriate  control  techniques. 

A  case  in  point  is  the  two  representative  piloting  techniques  depicted  in  Pig.  23. 
The  "ST0L"  technique  using  throttle  to  control  altitude  la  appropriate  for  aircraft 
operation  on  the  "backside"  of  the  drag  or  power  curve  where  rate  of  climb  decreases 
with  decreasing  speed  and  control  of  altitude  with  elevator  la  unstable,  causing  diver¬ 
gence  to  stall.  The  "CT0L"  technique  is  appropriate  to  "frontalde"  operation  where 
decreasing  speed  Increases  cllnb-rate  and  altitude  control  with  elevator  la  stable. 
These  now-apparent  differences  and  assigned  applicabilities  were  not  always  so  evident 
and  accepted.  In  fact  one  of  the  very  first  problems  studied  by  multiple-loop  pilot- 
vehicle  analysia  Involved  a  good  deal  of  preliminary  loop  closures  and  comparisons 
before  tt  was  decided  that  (a  variant  of)  the  ST0L  technique  was  the  appropriate, 
closed-loop  system  for  the  carrier  approach  situation  (Refs.  20,  21). 


eaim  iitcun  apfboaci  sfbbd  selection 


(Sxample  6) 

The  subject  situation  Involved  piloted  control  of  epproech  along  an  optical  banc,  and 
analysis  of  those  flight  conditions,  on  a  variety  of  US  Navy  aircraft,  where  the  pilots 
reported  "inability  to  control  altitude  or  arrest  rate  of  sink,"  not  covered  by  any 
then-known  approach-speed  Halting  paraaeters.  The  very  coaplete  analysis  of  Ref.  20 
considered  both  of  the  basic  Pig*  23  loop  structures  as  well  as  low  frequency  (filtered) 
angle  of  attack  feedbacks  to  throttle  or  stick.  Control  of  altitude  with  stick  (CTOL 
technique)  was  shown  to  give  fast-response  altitude  control,  but  to  require  airspeed 
control  with  throttle  for  stability.  On  the  other  hand,  throttle  control  of  altitude 
has  inherent  low  bandwidth  capability  (but  adequate  for  carrier  wake-induced  tuibulence) 
yet  Is  stable  without  auxiliary  speed  (or  alpha)  control.  Also,  application  of  the 
latter  technique  was  successful  In  explaining  the  causes  of  the  above-noted  flying 
qualities  problen  whereas  the  former  was  not;  accordingly  the  STOL  technique  was 
selected  as  most  appropriate. 

Later  extensions  of  this  study  (kef.  21)  showed  that  for  contemporary  Navy  aircraft, 
two-loop  control  of  attitude  with  elevator  and  altitude  with  throttle  (without  u  ♦  fig) 
caused  only  snail  perturbations  in  airspeed.  These  were,  in  fact,  considerably  smaller 
than  those  for  the  complete  three-loop  CTOL  node  (h,6  ♦  ;  u  ♦  fiT).  Thus,  despite  the 
CTOL  node's  potentially  superior  altitude  control,  it  suffers  by  comparison  with  the 
STOL  node  (for  backside  operation)  on  two  counts:  speed  dispersions  are  Increased  end 
three  loops  rather  than  two  must  be  closed.  In  the  latter  sense,  the  CTOL  structure 
violates  the  pilot's  desire  for  control  economy. 

Now  that  we've  established  the  pertinent  piloting  technique,  let's  examine  the 
problem.  The  Fig.  24  root  loci  Illustrate  the  effects  of  the  successive  loop  closures 
on  the  closed-loop  phugold  characteristics  -  those  most  significant  for  path  control. 
The  first  closure  (8  ♦  fie)  yields  the  single  prime  poles;  the  second  closure  modifies 
the  single  prime  to  the  double  prime  (final)  characteristics.  In  these  example  generic 
closures,  the  pilot  "model**  is  a  simple  gain  In  each  loop  since  the  frequencies  are  so 
low  that  "comfortable"  pilot  equalisation  is  not  possible  and  t  effects  are  negligible 
(A  phase  -  tii). 

If  1/Tqi  decreases  on  the  backside  from  the  value  ysketched)  in  Fig.  24  (It  can 
actually  become  negative)  so  that  l/TeiTaj  <  ta p2  then  (wp)2  decreases  as  the  (Kg)  gain 
Is  Increased.  This  sets  the  stage  for  a  condition  (including  both  loops)  where 
increased  pilot's  9-loop  gain  first  becomes  less  effective  In  Increasing  the  outer  loop, 
altitude  control,  bandwidth;  and  eventually  an  Increasing  9-loop  gain  results  In  a 
decrease  In  bandwidth  and  altitude  control  performance. 

The  speed  at  which  reversal  occurs  (l.a.,  where  the  bandwidth  variation  with  Kg  is 
zero),  was  postulated  as  corresponding  to  Incipient  "inability  to  control  altitude  ..." 
For  lower  speeds  the  harder  the  pilot  tries,  by  tightening  attitude  control  (normally 
effective),  the  more  he  degrades  his  altitude  performance.  Such  "performance  reversal" 
speeds  were  computed  for  seven  Navy  carrier  aircraft  and  shown  to  compare  favorably  with 
pilot-selected  approach  speeds  for  five  of  the  seven;  the  remaining  two  had  other  Iden¬ 
tified  limiting  problems.  Additional  successful  correlations  with  simulation  (Ref.  21) 
and  experimental  aircraft  flight  results  (Ref.  22)  further  confirmed  the  validity  and 
applicability  of  the  "reversal"  condition  as  a  flying  qualities  metric. 

SNVTTLB  OtBIYBt  FIO 

(Bxample  7) 

The  shuttle  orblter  landing  Is  a  non-powered  manuever  involving  only  column  control. 
For  the  longitudinal  axis  this  means  elevator  control  of  pitch  and  altitude  as  for  the 
CTOL  mode.  The  orbler  digital  flight  control  system  is  an  example  of  fairly  modern 
technology  which,  in  common  with  other  modern  systems,  has  had  early  development 
problems.  One  of  these  involved  certain  early  (ALT  [Approach  and  Landing  Test]  FF5 
flight)  PlO-llke  flight  deficiencies  as  depicted  in  Fig.  25.  To  determine  the  possible 
cause  and  cure  for  such  behavior,  the  quaelllnear  human  pilot  model  (Ref.  3)  was  applied 
to  the  ALT-FFS  approach  and  landing  flight  condition  (Ref.  23). 

Aircraft  Characteristics 

The  pertinent  aircraft  characteristics  are  represented  by: 

9*/ds  The  augmented  pitch  attitude  transfer  function  for  control  Inputs 

hp/6  The  aircraft's  path  response  at  pilot's  station,  to  attitude  changes  for 
pilot  control  Inputs 

The  pitch  attitude  transfer  function  and  frequency  response  are  given  In  Fig.  26.  Also 
given  In  the  figure  are  the  transfer  function  and  frequency  response  of  a  low-order 
"equivalent"  system  model  of  the  form, 
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and  paraaeter  values  (K  -  0.4  deg/sec/deg,  l/Tg  -  3.5  rad/sec,  and  re  -  0.264  sec) 
giving  a  beat  fit  to  the  complete  frequency  response  of  the  ALT.  The  equivalent  systea 
Is  useful  for  selecting  pilot  aodel  paraaeter  values  and  for  asking  comparisons  with 
other  aircraft.  The  actual  PIO  analysis  used  the  complete  ALT  transfer  function  as 
given  in  Pig.  26. 

The  path  to  attitude  transfer  function  and  frequency  response  for  elevator  Inputs  Is 
given  below. 


Kht)ief.  ♦  l/ThlH»  ♦  l/Th2H»  *  t/Th3l 

*0je  [•  +  1/T.jM.  +  1/Tj2) 


-2,25(s  +  0*  026) ( s  +  4.45)(«  -  4.91) 
8<»  +  0.042) ( s  +  0.72) 


It  ahould  be  recognized  that  these  characteristics,  being  the  ratio  of  numerators,  are 
identical  to  the  unaugaented  alrfraae  and  cannot  be  aodlfted  by  feedbacks  or  feed¬ 
forwards  to  the  elevator. 


Only  the  higher  frequency  roots,  above,  (i.e.,  1/Th2»  end  l/Tj^)  are  of  con- 

[  earn  to  the  PIO  problea.  Their  values  are  set  by  basic  airframe  characteristics.  T<j2» 

the  flight  path  lag.  Is  due  to  wing  loading  and  Cl0;  Th2  and  Th3  are  set  primarily  by 
the  pilots  location  relative  to  the  center  of  Instantaneous  rotation  (C1R)  for  elevator 
j  inputs.  Por  a  pilot  location  aft  of  the  C1R,  as  In  the  Orblter,  1/Th2  and  l/T^  are  two 

|  distinct  first-order  roots  approximately  the  saae  magnitude  but  of  opposite  sign.  In 

aircraft  where  the  pilot  is  located  forward  of  the  CIR,  the  more  common  case,  these  two 
*  roots  will  couple  Into  a  second-order  pair  Por  a  more  complete  discussion  of  these 

transfer  functions  and  approximations  for  the  values  of  their  roots,  see  Ref.  23. 

Pilot  Characteristics 


Yp$  accounts  for  the  pilot's  action  in  closing  the  inner  attltude-to-eleva tor  loop; 
Tph  for  his  closure  of  the  outer  path-to-att ltude  loop.  The  pilot  aodel  forns  used  in 
the  analysis  are: 


P8 


Ph 


NPh 


Setting  the  lead  Tl©*  equal  to  the  Pig.  26  equivalent  system  lag  achieves  the  desired 
K/s  result. 

The  pilot's  time  delay,  t0,  is  given  by  the  relationship: 

xe  -  re  -0.1 


to  account  for  Inflight  notion  cues,  and 
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l/te  -  0.24  ♦  0.214  fl/Tl0) 


to  account  for  the  lead  effect  on  time  delay.  The  use  of  a  low  frequency  pure  gain 
pilot  model  (Kph)  in  the  outer  altitude  loop  Is  consistent  with  experimental  results. 

Pllot/fehicle  Closed-Loop  Characterlotica 

Por  pilot  attitude  gains  corresponding  to  crossover  frequencies  from  2.5  to 
4.0  rad/sec,  the  location  of  the  closed-loop  attitude  node,  t^Jp,  is  shown  (as  diamonds) 
in  the  root  locus  plot  of  Fig*  27.  As  can  be  seen,  the  maximum  stable  crossover  fre¬ 
quency  la  slightly  Jess  than  3.5  rad/sec.  The  other  critical  node  shown  In  this  plot  Is 
the  path  mode,  1/T02*  which  for  the  above  range  of  pilot  gains  is  very  close  to  the 
basic  aircraft  flight  path  lag,  1/T02* 

These  two  Inner-loop  characteristics,  u*p  and  l/T^.  limit  outer-loop  performance, 
as  Illustrated  by  the  Pig.  28  root  locus  plots  for  pilot  closure  of  the  path  loop. 
(Successive  sets  of  diamond  symbols  along  the  three  loci  In  each  plot  correspond  to 
givsn  Increasing  altitude  gelns.)  These  plots  are  for  the  two  lndlceted  levels  of 
inner-loop  crossover  frequency.  The  left  plot,  for  medium  Inner-loop  gain,  shows  the 
\  slightly  unstable  attitude  mode,  u^p,  being  stabilised  with  Increasing  outer-loop  gain 

resulting  lnf  the  final  closed-loop  attitude  mods  designated  by  <^p.  The  closed-loop 
P  P*th  ■»<*•»  »h *  raaults  from  the  coupling  of  the  1/T&2  P*th  •©*•  the  kinematic  alti- 

f  tude  integration.  This  plot  also  shows  that,  for  medium  Inner-loop  gain,  the  maximum 
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•table  path  aode  frequency  la  Halted  to  about  1*0  rad/ssc.  For  reference,  the  obaerved 
ALT-FF5  PIO  frequenclea  are  noted  In  thla  plot.  The  right  plot  llluetratee  that  for 
higher  Inner-loop  gain  a  nlnlnun  level  of  outer-loop  gain  la  necessary  to  atabillse  the 
attitude  node,  but  the  potential  Improvement  In  path  bandwidth  la  minimal. 

The  tradeoff  between  performance  and  stability  la  Illustrated  by  the  cloaed-loop 
path/attltude  stability  boundaries  shown  In  Fig.  29.  The  figure  shows  the  closed-loop 
stability  Halts  as  a  function  of  coablnatlone  of  attitude  and  path  gain.  Iflthln  the 
•table  region,  Unas  of  constant  cloaed-loop  aode  frequency  are  also  shown.  At  lower 
attitude  gains  a  path  aode  Instability  will  result  at  the  Halting  path  gain.  Since  the 
(right-hand)  path  aode  boundary  la  sloping  upward  to  the  right,  higher  path  gains 
resulting  in  better  performance  (higher  c% )  can  be  achieved  by  Increasing  Inner-loop 
attitude  gain.  Thla  Is  true  for  attitude  gains  up  to  about  19  dB,  which  corresponds  to 
an  inner-loop  crossover  frequency  of  o>c  q  »  3.5  rad/sec  (the  left  Fig.  28  plot).  As 
attitude  gains  increase  beyond  18  dB,  Increasing  levels  of  path  gain  are  required  to 
stabilise  the  attitude  node. 

For  uxisui  performance,  the  pilot  Is  drawn  into  the  ti.p  of  the  plot  where  the  PIO 
region  has  been  noted.  At  a  stable  operating  point  within  this  region,  the  system  Is 
very  sensitive  to  both  attitude  and  path  gains.  At  a  fixed  attitude  gain,  lower  path 
gain  will  result  in  an  attitude  mode  Instability,  while  a  higher  path  gain  results  In  a 
path  node  Instability.  The  range  of  stable  path  gains  Is  only  about  1.2  dB.  A  similar 
situation  exists  for  fixed  path  gain.  A  higher  attitude  gain  will  result  In  an  attitude 
node  Instability  and  lower  attitude  gain  in  an  unstable  path  mode.  The  only  way  to  back 
out  of  this  region  In  a  stable  manner  Is  by  a  judicious,  simultaneous  and  peculiarly 
proportional  reduction  In  both  attitude  and  path  galna,  a  very  difficult  If  not  Impossi¬ 
ble  piloting  task  for  an  unexpectedly  encountered  PIO.  This  extreme  sensitivity  to 
small  Increases  or  decreases  in  Individual  pilot  control  characteristics  Is  the  essence 
of  this  particular  PIO  situation.  Nonllnearltles ,  e.g.,  due  to  elevon  surface  rate 
limiting,  will  accentuate  but  not  otherwise  alter  this  essential  character.  The  exis¬ 
tence  In  the  ALT-FF5  flight  test  data  of  both  neutrally  stable  modea  at  very  nearly  the 
sans  frequencies  Indicated  by  the  analyses  Is  strong  evidence  that  the  PIO  conditions 
have  been  analytically  reproduced. 

•T 01  APPROACH  PATH  CONTROL 

(Kxsmple  8) 

This  example  (from  Ref.  25)  provides  a  further  exposition  of  the  Fig.  23  "STOL" 
technique  but  certain  aspects  of  the  "CTOL"  technique  are  Invoked.  In  any  event,  for 
simplicity  and  Improved  clarity,  we'll  assume  that  the  Inner,  0,  loop  Is  tightly  closed 
so  that  the  pertinent  dynamics  of  the  aircraft's  motions  are  given  by  the  attitude 
numerator,  l.e.,  the  closed,  inner-loop  denominator,  A*  ,  given  In  general  by: 

A'  -  A  ♦  Yp  0 


approaches  TpeM«e  for  large  Tpe.  Similar  effects  occur  for  all  the  usual  control 
transfer  function  numerators.  The  net  result  Is  that  the  pertinent  path  control 
transfer  functions  are  given  rather  simply  In  terms  of  the  following  forms  and  factors 
((or  To  *  0*)s 


Characteristic 
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The  y0  *  0  Initial  condition  does  not  detract  from  the  general  applicability  of 
theme  email  perturbation  relations.  Basically,  the  h  reaponsea  so  computed  are  equiva¬ 
lent  to  deviations  normal  to  the  flight  path  stability  axis  for  the  usually  small  values 
of  y0  pertinent  to  approach  conditions. 
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Tkr«ttl«  Input  Ua^otita**  with  M g T  •  0  become: 
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Notice  that  the  characteristic  &  path  mode  roota  are  defined  by  the  basic  lift  and 
drag  terns,  Zw  and  Xu,  plus  the  coupling  terms,  X*  and  Zu.  The  latter  derivatives 
couple  the  speed  and  flight  path  modes.  That  Is,  the  drag  change  with  vertical  notion, 
Xw,  establishes  how  speed  will  vary  with  path  rate  of  climb  (l.e.,  w)  and  vice  versa 
for  the  Zu  term.  When  their  product  la  large  and  negative  the  path  mode  Is  oscillatory 
(u>0^);  when  snail,  the  path  nodes  are  two  first-order  subsidences  (1/Tdl,  l/T^)- 
Because  the  Input  numerators  Eqs.  13-17  are  all  first  order,  there  can  be  no  cancella¬ 
tion  of  (selective)  poles  and  zeros  (aq  for  the  Tq^,  T q2  form)  when  the  path  mode  Is 
oscillatory.  The  result  is  that  u  and  h  notions  then  occur  with  the  same  dynamics  and 
are  therefore  inherently  coupled.  However,  the  relative  magnitudes  of  u  and  h  are  also 
Important;  and  these  are  governed,  for  the  throttle  inputs,  by  the  thrust-lncllnatlon, 
9>j>,  and  associated  values  of  Xgf/Zgj. 

The  consequences  of  coupled  u  and  h  responses  are  best  Illustrated  by  the  control 
actions  and  responses  associated  with  the  two  piloting  techniques  for  a  level  of  XWZU 
coupling  which  produces  an  oscillatory  characteristic  (u0>.  Considering  the  CTOL  tech¬ 
nique,  h  ♦  9  and  u  ♦  ,  the  time-history  sketch  (Pig.  30)  shows  that  for  a  near  step 

attitude  input  the  It  response  is  more  rapid  and  proportionately  much  greater  than  the 
corresponding  u  response  (both  are  sketched  to  the  same  scale).  In  fact,  there  is 
essentially  no  u  response  In  the  first  3  to  4  sec,  Inplylng  a  very  speed  stable  situa¬ 
tion  (due  to  the  positive  Xw  required  to  produce  the  coupled,  uq,  conditions).  The 
final  value  of  the  speed  change  Is  conventional  In  that  there  Is  a  reasonably  small 
reduction  for  a  nose-up  attitude.  Thus,  from  the  standpoint  of  flight  path  control^ 
*  9C  appears  direct  and  adequate.  That  is,  u  responses  are  decoupled  from  h 
responses,  despite  their  oscillatory  similarity,  because  of  magnitude  differences. 
Accordingly,  provided  speed  error  remains  acceptably  small,  there  are  no  anticipated 
control  problems.  However,  because  of  its  delayed  response  characteristics,  precise  u 
control  with  attitude  (e.g.,  to  correct  for  winds)  would  be  difficult;  furthermore,  such 
corrections  will  Introduce  large  flight  path  errors. 

For  speed  control  with  throttle,  we  see  that  except  for  the  short  delay  In  h 
responses,  the  S  and  u  traces  are  very  similar.  That  Is,  there  is  essentially  no  way  of 
making  a  throttle-controlled  speed  correction  without  Introducing  altitude  rate  errors 
of  equal  magnitude.  Physically,  this  Interaction  or  coupling  between  u  and  h  is 
obvious.  since  for  0T  -  0°,  an  1?  change  Is  produced  by  a  normal  force  change  due  to  Z  u 
(l.e.  ,  h  -  Zuu). 

Changing  techniques,  l.e.,  controlling  h  with  throttle  and  u  with  0,  only  makes  thg 
situation  more  difficult  because  of  the  very  poor  u  and  associated  large  secondary  h 
response.  The  pilot  effectively  has  no  direct  measure  of  speed  regulation  for  either 
technique. 


To  illustrate  the  other  extreme,  consider  the  Inherently  decoupled  path  node  condi¬ 
tion  (I/Tqj,  1  /T  q2  )  •  The  purity  of  the  individual  transient  response  to  throttle  Inputs 
Is  governed  additionally  by  the  values  of  1/Tu0  and  1/Th0.  These  zeros  are  affected  by 
the  inherent  coupling  derivatives,  Xv  and  Zu ,  and  also  by  the  ratio  of  the  control  force 
derivatives  as  shown  specifically  by  Eqs.  16  and  17.  Without  the  corrupting  effqct  of 
these  coupling  terns  on  the  dynanlcs  (l.e.,  for  Xw  -  X^/Zl,  -  0),  the  h  path  response 
to  a  throttle  Input,  as  previously  given  (Eqs.  13  and  16V,  lei 


JL  -*«<■  ♦  i/th9) 

«T  (a  *  l/Tel'H*  +  I/T92) 


Because  of  the  constrained  attitude  effect,  the  u  and  h  throttle-response  numera¬ 
tors  are  not  the  usual  simple  ^  numerators  but  rather  the  coupling  numerators  which 
apply  when  two  (or  more)  control  Inputs  are  involved,  hence  the  modified  notation  which 
reflects  conventional  multiloop  practice. 
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Although  the  u  response  Is  pure  and  slowly  subsldent  (1/Tgj),  the  h  response  while 
basically  fast  < 1 /T )  can  also  exhibit  the  ease  alow  subsidence,  depending  on  the 
ratio  1/T|ti  and  1/Tgja  If  they  are  both  snail  and  positive,  the  slow  subsidence  Is 
essentially  ellmlnate*d,  and  the  It  response  Is  then  similar  to  that  for  throttle  Input 
(Eg.  15).  If  1/Thj  Is  negative  ("backside"  operation),  the  eubsldent  contribution  Is 
Increased  and  the  speed  bleedoff  eventually  reverses  the  sign  of  the  h  response.  Kotlce 
too  (Eq.  19)  that  the  Initial  h/u  response  ratio  la  given  by  Z^/g,  a  parameter  aost 
often  used  to  characterise  short-period  response  (tef.  2b);  thus,  path  control  nay  be  an 
underlying  factor  In  the  current  short-period  dynaalc  requirements.  Finally,  we  should 
note  (Eqs.  13  and  15)  that  l/T^j  and  l/T01  cannot  be  varied  Independently  without  also 
modifying  the  Inherent  attitude  numerator;  l.e.,  the  basic  derivatives,  Xu,  Zu,  Xw,  Z„, 
all  appear  in  both  and  1/Thj. 

Closed-Loop  Analyses 

The  foregoing  qualitative  discussion  provides  a  physical  feeling  for  two  muitlloop 
path  control  techniques.  A  more  quantitative  appreciation  has  been  gained  by  closed- 
loop  pilot /vehicle  analysis  applications  (tefs.  27,  28).  For  example.  Figs.  31  and  32, 
show  the  effect  of  thrust  inclination,  X«y/Z$T,  and  dynamic  coupling,  X,,,  for  a  fixed 
value  of  Zu,  on  the  effective  altitude  closure  bandwidth,  w^,  and  gain.  Aw*.  The  two 
values  of  Xw  •  0  and  0.1  correspond  respectively  to  backside  conditions  of  l/T^j  -  -0.09 
and  -0.03.  The  detailed  aspects  of  these  closures  are  described  in  Kef.  27;  however, 
for  each  condition  the  bandwidth  and  gain  were  computed  assuming  that  the  pilot  closed 
the  h  +  5f  loop  with  an  Ideal  (constant)  crossfeed  to  maintain  effectively  aero  speed 
error;  and  the  closed-loop  bandwidth  was  defined  by  45*  of  phase  margin. 

Without  dwelling  on  the  closure  details,  since  our  prime  concern  is  closed-loop  per¬ 
formance,  notice  that  thrust  angles  between  90*  and  0*  show  a  progressive  reduction  In 
(*t,  while  the  gain  Ah ,  in  general,  increases.  An  Increase  In  bandwidth  would  be  expected 
to  improve  performance;  however,  an  excessive  increase  In  gain  (l.e.,  sensitivity)  tends 
to  degrade  performance.  In  fact,  a  high  gain  condition  In  combination  with  a  low  band¬ 
width  is  a  rather  poor  control  situation,  reflecting  the  undesirable  features  of  a 
sluggish  response  with  a  highly  sensitive  control.  The  vehicle  doesn*t  respond  rapidly 
enough  for  good  regulation  (e«g«,  suppression  of  disturbances),  and  with  high  sensitiv¬ 
ity  there  la  a  strong  tendency  far  a  PI0  (l.e,,  pilot-induced  oscillation).  The  above 
conslderat ions  imply  that  the  best  pilot  ratings  occur  at  the  Higher  inclinations  as 
shown  by  the  predicted  trends  In  Figs.  31,  32.  Eote  also  that  for  l/Tm  •  -0.09,  the 
extreme  backside  condition,  the  variation  In  rating  la  more  severe,  with  the  best  rating 
occurring  at  90*. 

The  conditions  analysed  above,  plus  a  third  set  Involving  a  second  order  (Eq.  13) 
Cg,  *g,  were  tested  using  a  simulated  stralght-ln  Instrument  (1L8)  landing  approach 
Initiated  on  the  locellser  beam  from  an  off-nominal  glide  slope  situation  and  an  initial 
trim  speed  of  60  knot.  The  attitude  control  response  was  held  constant  by  using  a  rate- 
command  attitude-hold  augmentation  echone.  The  pilots  were  requested  to  correct  the 
Indicated  off-condltlon  (100  ft  low)  as  quickly  as  possible;  and  they  also  gsaerally 
Introduced  their  own  disturbances,  offsets,  and  abuses  to  aid  evaluation.  The  lateral 
ILS  task  was  simply  to  maintain  the  locallter  beam. 
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The  Mtrli  of  toot  configurations  examined  in  thlo  experiment  Is  given  In  Toblo  7. 
The  bsolc  dynamics  of  configurations  1-6  sro  typical  of  a  tilt  vtng  propollor  STOL,  con¬ 
figurations  7-12  oro  ioro  representative  of  current  thrust  augmented  vehicles  (c*g>  » 
augaontor  wing  eoneopt  or  deflected  thrust  arrangeaeat ) ,  and  configurations  13-18  repre¬ 
sent  an  extreae  of  the  trend  established  by  the  first  two  sets.  Notice  also  that  the 
"odd”  thrust  inclination  of  63,3*  was  deliberately  chosen  to  make  the  1/Tu9  seros  cancel 
an  appropriate  pole.  Also,  since  the  path  coupling  and  backside  paraaeters  are  not 
independent,  they  were  set  to  oppose  each  other.  That  is,  the  decoupled  denominator 
dynamics  (1/T92  >  1/Tqj  and  Xw  -  0)  were  tested  for  an  extreae  backside  condition, 
1/Thl  ■  -0.09,  and  conversely,  the  coupled  denoalnator  was  tested  at  an  extreae  front¬ 
side  configuration,  1/Thi  -  0.21.  This  allowed  assessaent  of  whether  the  coupling  or 
backsldeness  was  governing,  as  well  as  the  degree  to  which  favorable  thrust  Inclination 
could  overcome  either  of  these  prlaary  path  control  deficiencies. 

Each  of  four  experienced  test  pilots  was  instructed  to  fly  first  one  technique, 
h  ♦  (STOL),  then  the  other,  h  ♦  6  (CTOL);  however,  they  were  free  to  consider  other 
aethoda  of  control  also. 

Test  Results  and  Oftacaasloa 

The  pilot  ratings  for  each  of  the  configurations  tested  are  summarised  in  Fig.  33  as 
a  function  of  thrust  inclination  and  control  technique.  Both  factors  have  significant 
effect  on  path  control  as  evident  by  the  rating  trends. 

Note  the  so-called  backside  (STOL)  technique  is  increasingly  superior  to  the  conven¬ 
tional  control  technique  as  1/Thj  becoaes  aore  negative.  The  Implication  is  that  the 
ehrottle  is  then  used  exclusively  as  a  means  of  controlling  path,  and  that  attitude  is 
used  only  as  necessary  to  regulate  speed  errors.  In  fact,  soae  coaaents  show  (as  noted 
earlier  for  carrier  approach)  that  at  these  backside  situations  the  pilots  do  not 
atteapt  to  control  speed  with  the  throttle;  Instead,  they  employ  stable  h  ♦  T  and  avoid 
the  aore  demanding  task  of  controlling  the  speed  divergence  associated  with  the  backside 
condl t ion. 

Returning  to  specific  consideration  of  the  data  relative  to  the  predictions  of 
Figs.  31  and  32  for  the  various  backside  situations,  we  see  that  they  are  reasonably 
well  confirmed.  In  particular,  the  predicted  pilot  rating  trends  based  on  the  coablned 
effects  of  the  closed-loop  perforaance  paraaeters  are  essentially  the  saae  as  those 
shown  In  Figs.  33a  and  33b.  The  major  pilot  criticism  directed  at  thrust  angles  beyond 
90*  was  the  aircraft's  tendency  to  slow  down  for  positive  throttle  Inputs  (e.g.,  when 
arresting  sink  rate).  To  regain  the  speed  loss  resulting  froa  a  positive  flight  path 
correction  required  the  pilot  to  pitch  over,  increasing  speed  but  at  the  saae  tiae 
canceling  part  of  the  desired  flight  path  correction;  in  effect,  reducing  the  gain  as 
predicted. 

For  the  extreae  backslded  case  at  0*  thrust  angle,  another  kind  of  complication 
revealed  by  the  analysis  of  Ref.  27  is  the  predicted  airspeed  bandwidth  (*ib  “  0.28  which 
is  greater  than  the  altitude  bandwidth  w hp  *  0.19  (Fig.  31).  Thus  not  only  Is  the 
prlaary  altitude  response  Itself  deficient  but  the  normally  expected  primary:  secondary 
response  frequencies  are  reversed.  For  all  other  cases  the  ratio  of  (u^/uk)!,  runs  from 
about  0.2  to  0.3  as  thrust  inclination  is  reduced  from  -90*  toward  tero. 

For  the  highly-coupled  situation  given  in  Fig.  33c,  only  the  single-loop  control 
[h  ♦  6(6)]  was  considered  nearly  satisfactory  by  the  pilots.  In  this  case  thrust 
inclination  had  little  effect  since  the  throttle  was  not  used.  However,  some  of  the 
pilots  experienced  a  strong  tendency  to  oscillate  along  the  path  using  only  stick;  and 
one  pilot,  in  particular,  noted  the  reseablance  to  pilot-induced  oscillation  (PI0). 
Although  he  attributed  these  tendencies  to  problems  with  pitch  attitude  control,  they 
are  aore  accurately  a  reflection  of  the  flight  path  control  and  sensitivity  between 
flight  path  response  and  attitude.  Similar  problems  encountered  with  conventional  angle 
of  attack  auto  throttles  (which  aodlfy  Xy  as  here)  are  discussed  in  Ref.  28. 

CONCLUSIONS 

The  foregoing  examples,  which  are  only  a  saapling  of  aany  In  the  literature  (e.g.. 
Ref.  7)  illustrate  the  power  and  applicability  of  closed-loop  aan/aachlne  analysis  to 
the  revelation,  understanding,  and  simulation  of  handling  related  design  problems. 
Deriving  froa  this  improved  understanding  and  the  presented,  and  other,  applications  are 
a  number  of  observations  and  catalogues  of  desirable  or  undesirable  closed-loop  quanti¬ 
ties.  Tables  8-10  list  some  generally  desirable  closed-loop  features,  good  path  regula¬ 
tion  properties,  and  pilot  centered  path  regulation  problems,  in  that  order 

Relative  to  the  first  Item  In  Table  8;  for  multiple-loop  problems,  where  a  single 
control  is  being  utilised,  the  leads  developed  in  the  inner  loop  of  a  series  loop 
structure  are  propagated  to,  and  are  very  helpful  in  effecting  a  good,  outer-loop 
closure. 

The  point  of  the  second  item  is  that,  where  a  crossfeed  la  helpful  in  "purifying" 
the  effective  control,  the  trained  pilot  will  adapt  one. 

By  closed-loop,  low-frequency  performance  optimum  in  some  sense  corresponding  to  the 
nlnimatlon  of  rms  error,  is  meant  that  the  gain,  crossover  frequency,  phase  margin, 
etc.,  adapted  are  reasonably  close  to  those  required  to  effect  minima  among  a 


variety  of  trrors 
volt. 


control  usage.  primary  response,  and  secondary  renponoos  •• 


The  fact  that  tha  pilot  adapts  to  make  tha  coaplata  open-loop  tranafar  function  froa 
input  to  output  look  like  K/s  in  tha  crossover-f requency  region  is  an  observable 
experimental  fact. 

If  the  lead  required  to  affect  such  K/s-nass  is  greater  than  one  second,  the  pilot's 
opinion  will  be  degraded,  as  will  his  workload  capacity. 

In  a  suit iple-loop  situation,  the  inner  loop  crossover  is  generally  about  three  to 
four  tlaes  that  of  the  outer  loops,  so  there  is  a  distinct  frequency  separation. 
There  is  even  s  further  distinction  among  trajectory  responses  where  the  frequency 
progression  is  froa  attitude  to  altitude  to  speed. 

In  all  cases  it  appears  that  an  adequate  closed-loop  daaplng  ratio  is  in  the  range 
of  0.35-0.5. 

Good  performance  requires  low  aidf requency  droop  (closed-loop  gain  3  dB  or  so  less 
than  unity  In  the  region  below  crossover  frequency).  This,  along  with  others  of  the 
above,  aay  be  recognised  as  the  basis  for  the  original  Neal-Salth  criterion  for 
short  period  control  (Kef.  30). 

Increasing  the  gain  or  pilot  lead  should  produce  a  favorable  effect  on  perforaance 
and  bandwidth  and  damping. 

To  ba  aore  specific,  and  datalled.  the  "good"  path  regulation  properties  listed  in 
Table  9  are  clarified  below: 

The  inner,  attitude  loop,  fundamental  to  path  control  regardless  of  technique, 
should  have  response  characteristics  generally  faster,  better  daaped.  etc.,  than  the 
prlaary  path  loop.  A  alnlaua  crossover  frequency  Is  about  2  rad/sec  (Kef.  31)  with 
adequate  gain  and  phase  margins.  Closing  the  Inner  loop  should  Improve  phugoid 
daaplng  and  provide  overall  path  mode  equalisation,  lnsensitlva  to  and  tolerant  of 
the  "tightness"  or  "looseness"  of  attitude  control. 

The  h— loop  (with  9  closed)  should  have  faster  response  than  tha  u-loop  by  at  least  a 
factor  of  3;  its  alnlaua  crossover,  with  adequate  gain  and  phase  margins  and  without 
equalisation,  should  be  of  the  order  of  0.5  rad/sec  (Kef.  12). 

It  should  be  possible  to  control  h  without  exciting  excessive  excursion  in  u$  and 
vice  versa.  If  some  degree  of  coupling  exists.  It  should  be  complement ary ,  l.e.  , 
control  to  regulate  one  path  variable  helps  in  regulating  the  other. 

During  path  regulation  and  control,  limits  due  to  stall,  buffet,  control,  comfort, 
ete.,  aust  never  be  exceeded,  and  excursions  into  the  available  margins  should  be 
alnlalsed. 

The  pilot  desires  to  use  the  alnlaua  nuaber  of  noneensltlve  feedback  loops  with 
little  or  no  equalisation  and/or  crossfeeds.  Such  "economical"  control  allows  hla 
sufficient  excess  capacity  for  other  functions. 

An  otherwise  dynamically  good  airplane  can  be  seriously  degraded  if  control  sensi¬ 
tivities  are  too  high  or  too  low,  snd/or  if  the  relative  sensitivities  are  dispro¬ 
portionate. 

Some  specific  pilot-cantered  path  regulation  "problaas"  as  listed  In  Table  10,  are 
useful  in  pinpointing  known  sources  of  pilot  complaints  or  In  suggastlng  aircraft  and/or 
flight  control  system  modifications  to  Improve  pilot  acceptance. 

Inadequate  bandwidth  problems  are  often  associated  with  low  short-period  stiffness 
where  the  attitude  response  is  dominated  by  the  phugoid  node.  These  situations 
require  excessive  pilot  lead  compensation  (Kefs.  31  and  33). 

Inner-outer-loop  equalisation  conflict  results  when  pilot  lag  Is  required  In  the 
attitude  loop,  (Kef.  31),  thereby  restricting  the  path  node  bandwidth. 

tow  static  attitude  gain  is  another  manifestation  of  backsldanass.  Sufficiently  low 
values  of  static  gain  limit  the  pilot's  ability  to  separate  u  and  K  responses. 
Also,  attltuda  trlmmablllty  and  tha  use  of  attitude  as  a  speed  reference  are 
degraded,  resulting  in  Increased  attentlonal  demands  on  the  pilot  (Kefs.  39.  35). 

Attitude  gain  (Kef.  20)  and  lead-equalisation  (Kef.  35)  sensitivity  are  underlying 
control  problems  affecting  path  regulation. 

Performance  reversals  occur  whan  increased  pilot  gain  and/or  lead,  cause  a  net  loss 
in  performance.  Other  "boxed-in"  reversal  situations  (Kef.  35)  constrain  tha  pilot 
control  strategy,  narrowly  confined  his  gain  and/or  lead.  Increasing  or  decreasing 
gain  equalisation  causes  an  undesirable  perforaance  degradation. 
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Inadequate  bandwidth  la  prlaarlly  an  altitude  loop  (with  attitude  closed)  problea. 
Whan  the  loop  croesover  frequency  la  loaa  thaa  about  0.3  to  0.4  rad/aoc  (Ref.  32) 
the  pilot  rating  will  be  unsatisfactory. 

Inadequate  response  separation  refers  to  undesirable  "nixing*1  of  u  and  h  response. 
If  u  Is  faster  thaa  h,  the .  "nixing"  la  especially  bad;  la  general,  u  responses 
faster  than  about  half  the  h  response  (assunlng  the  latter  le  adequate,  as  above) 
are  undesirable. 

Additional  crossfeed  difficulties  arise  when  the  necessary  or  required  control 
actions  are  too  large,  are  unnatural  (e.g«.  reversed  sign),  or  when  they  Unit 
regulation  perfornance  (e«g».  by  reducing  effective  gain  or  bandwidth). 

Excasalve  depletion  of  safety  narglns  can  be  caused  by  any  combination  of  the  above 
deficiencies.  The  type  end  sssllness  of  the  available  nargln  nay  dictate  the  con¬ 
trol  strategy,  e.g..  If  stall  nargln  Is  snail,  control  h  with  throttle  rather  than 
with  elevator. 

Departures  fron  desirable  path  gain  levels  result  In  degraded  ratings  and  poorer 
pilot  acceptance.  Analysis  In  terns  of  ns  control  deflections  or  forces  can  sona¬ 
tinas  provide  a  clue  to  degrading  gain  levels  (Refs.  36,  37). 

Recognise  that,  although  not  exactly  short,  this  Is  a  ouch  abbreviated  list  of  pilot 
centered^ requlrenents  and  problsns  as  opposed  to  an  airplane  or  systens  centered  set, 
which  would  be  uuch  noro  diverse  and  diffused.  Also,  as  already  nontloned,  sone  of 
these  desirable  qualities  have  been  translated  directly  Into  flying  qualities  requlre- 
uent  terns  which  will  be  the  subject  of  subsequent  lectures. 
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Plgure  2.  Subjective  Pilot  Rating  Versus  First-Order 
Cross-Coupled  Instability  Score 


O  O  OlOO  OlO  O  O 


3-2 


Figure  !*•  ?pYc  Desci;  ibing 
Amplitude  and  Phase  Plot 
4e-0. 067  s 

Yc  '  ynrrrm 


Function 

for 


25 


20  h 


LEGEND- 


O  No  Rotchet 


Rtf. 45  Flight 


Simulotion 


•  Ratchet 

4  Ratchet  -  Rtf.  47  Flight 
□  Peak  <  Gain  Lint 
■  Peak  >  Coin  Lint 

5  *  Small  Displacement  Stick 
L  ■  Large  Displacement  Stick 
F  *  Fixed  Stick 


\* 


\ 


V  ■ 

^  ■  r.s.L 

W 

O  \«  F.S  < 


\ 

Q  S 


G  F 
OF 


-t- 


“  .17 


O.l  Tft(tec) 


5  6  7  8  9  10  l/T*(*ec) 


Figure  15.  Roll  Ratchet  Comparison, 
Flight  and  Simulator 


Figure  17.  Generic  System  Survey  of  Piloted  or  Automatic  System 
Closure  of  Lateral  Plight  Director  Loop 
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Figure  20.  System  Survey  for  Flight  Director  B,  Yp(FD/$w) 


Figure  21.  FD  B  Response  to  an  Initial  Condition  Offset  with  a  25  kt  Crosswind 


Figure  22.  Flight  Director  B  Curved  Course  Intercept,  Rc  »  !219m  (4000  ft). 
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Figure  23.  Two  Representative  Piloting  Techniques 


Figure  24*  Root  Locus  Illustration  of  Successive  Loop  Closures 
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Figure  29.  Closed-Loop  Path/Att itude  Stability  Boundaries, 
Pilot/ALT  System 


Figure  10.  Speed  and  Altitude  Fate 
Response  to  Step  Attitudes  and 
Throttle  Inputs 
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Thrust  Inclination 


Figure  31,  Closed-Loop  Analysis  of 
Path  Control;  Xw  •  0  (1/Thl  * -0/)9) 


-6- 

y 

(rod /sac) 

_ ^ - ' 

Low  Bandwidth  Region 

.2* 

— J _ 

_ 1 _ 1 _ 1 _ 1 _ 

_J _ I _ I _ I _ I _ I _ 

-30  0  30  60  90  120 

Thrust  inclination 


Figure  3?,  Closed-Loop  Analysis  of 
Path  Control;  Xw  -  001  (1/Thl  --0.03) 
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Figure  33 


Effect  of  Thrust  inclination  and  Control  'Technique 
on  Handling  Qualities  (Pilot  Rating) 
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TABLE  1.  INFLUENCE  OF  ATMOSPHERIC  DISTURBANCE  ON 
PILOT  BATING  DEFINITION  OF  PLYING  QUALITIES 


ATMOSPHERIC  OISTURRAHCES  { 

LIGHT 

MODERATE 

SEVERE 

EXTREME 

1-1/2 

5-1/2 

7-1/2 

Flying  qualities  such 
that  control  can  be 
Maintained  long  enough 
to  fly  out  of  the 
disturbance 

6-1/2 

7-1/2 

Flying  qualities  such 
that  control  can  be 
maintained  long  enough 
to  fly  out  of  the 
disturbance 

Flying  qualities  such 
that  pilot  can  regain 
control  after  bein 
upset 

9-1/2 

Flying  qualities  such 
that  control  can  be 
Maintained  long  enough 
to  fly  out  of  the 
disturbance 

_ 

Flying  qualities  such 
that  pilot  can  regain 
control  after  being 
upset 

No  requireaent 

TABLE  2.  SOME  PAST  APPLICATIONS  OF  PILOT-VEHICLE-DISPLAY  SYSTEM  ANALYSES  TO 


1  DESIGN 


b)  FLIGHT  ENCgUjflEWgP  PBOBtIMS 


MofoA-Cue  SimuMiM 


To*  NpinArH  motton  »mi- 


168-1S 
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TAILE  3.  PILOT/VEHICLE  SYSTEM  REQUIREMENTS  FOR  PLIGHT  DIRECTOR  DESIGN 

Guidance  and  Control 

•  Coiaand  Following 

•  Disturbance  Regulation 

•  Stability  and  Daaplng 

PI lot-Centered 

•  Mlnlaun  Pilot  Condensation 
—  Feedbacks 

Equalisation 

•  Response  Quality 

•  Coaaand  Ear  Consistency 

•  Frequency  Separation  of  Controls 

•  Non-Interacting  Controls 

•  Insensitivity  to  Pilot  Response  Variations 

•  Reanant  Supresslon 

For  disturbance  regulation,  the  systea  aust  regulate  against: 

•  Steady  winds 

•  Randoa  turbulence  and  gusts 

•  Horisontal  wind  shears 
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TABLE  5.  PARAMETER  ADJUSTMENT  TRADEOFFS 


REQUIRED  FOR 
"DESIRABLE  LOCUS" 

OTHER  SYSTEM 

CONSIDERATIONS 

Mini. lie  Ky/xj 

Very  low  values  of  Ky/Kf  result  In  poor  response 
qusllty  due  to  "long  cells"  during  capture. 
C-Ky/K£t  i.a  the  doalnant  node  at  low  frequency 

Maxlaise  Two 

Bank  angle  aust  wash  out  faster  than  the  doalnant 
path  node  («yD)  to  nlnialza  residual  faadback 
which  will  raault  in  standoffs  with  ye. 

Hinlaize  t 

The  breek  frequency  of  the  heaa  rate  filter  la 

1/t,  and  aa  auch,  requires  x  be  kept  large  enough 
for  adequate  nolae  rejection. 

TABLE  6.  MULTI-LOOP  PILOT  MODEL 


Bm  Available  Feedbacks 

•  Directly  sensed  in  general  visual  field 

•  Observable  via  visual  displays 

•  Directly  sensed  using  Modalities  other  than  vision 


Preferred  Feedback  Loops 

•  Can  be  closed  with  alnisua  pilot  equalization 

•  Require  ainiaua  scanning 

•  Perait  wide  latitude  In  pilots  characteristics 

•  Correspond  to  good  flight  control  theory  and  practice 

Crossover  Model 

•  Is  directly  applicable  to  closure  of  inner-loops 
(higher  bandwidth)  and  outer-loops  (lower  bandwidth) 
which  Include  effects  of  all  Inner-loop  closures 

•  Gain  adjustaents  of  loops  akin  to  those  used 
by  skilled  control  designer 


For  undivided  attention  (no  scanning)  Is  essentially  saae 
as  for  a  single  loop  equivalent  to  the  Inner-loop  alone 


TABLE  7.  TEST  CONFIGURATIONS  AND  RANGE  OF  VARIABLES* 


CONDITION 

No. 

PATH  MODE 
DENOMINATOR 

ALTITUDE  RATE 
NUMERATOR 

SPEED 

NUMERATOR* 

THROTTLE 

SENSITIVITY 

Z«T/X«T 
fVia  1 

THRUST  ANGLE 
Arc  Ten 

X. 

i/i.i 

u»> 

1/1,2 

(.,) 

Attitude 

i/iM 

Throttle 

i/*„ 

Attitude 
1/  Tu  i 

Throttle 

i/r.e 

1 

0.1 

0.5 

-0.09 

0 

0.5 

0.5 

-0 • 146/-0 . 0363 

104 

0 

2 

0.  1 

NA 

-0.13/0 

90 

3 

0.5 

0.5 

oo.iot/o.iot 

45 

4 

0.79 

-0.075/0.13 

30 

5 

NA 

0/0.15 

0 

6 

0.59 

0.075/0.13 

-30 

7 

0.3 

0.3 

-0.03 

0 

-0.73 

0.9 

-0. 146/-0 .0363 

104 

0.1 

8 

0.  1 

NA 

0.15/0 

90 

9 

0.3 

0.3 

0.134/0.067 

63.5 

10 

0.79 

0.44 

0. 073/0. /30 

30 

11 

NA 

0.50 

0/0. 1  JO 

0 

12 

-0.59 

0.56 

0.0/5/0.15 

-30 

13 

(0.6) 

(0.S) 

0.21 

0 

-0.86 

2.5 

-0. 146/-0.0363 

104 

0.5 

14 

0.1 

NA 

-0.15/0 

90 

IS 

0.5 

0 

-0.106/0.106 

45 

16 

0.79 

0.79 

-0.075/0.13 

30 

17 

NA 

0.5 

0.0.150 

0 

18 

-0.59 

0 

0.073/0.13 

-30 

-  '<  a  , 


TABLE  8.  DESIRABLE  CLOSED  LOOP  FEATURES 


Series  Loop  Structure  for  Single  Control 

Crosefeede  to  Directly  Negate  Susbldlary  Responses 

Closed-Loop  Low  Frequency  Performance  Opltmum  ~  Minimum  RMS  Error 

Pilot  Adaptation  to  Make  YpYc  - >  K/s  in  the  Crossover  Frequency  Region 

Pilot  Lead,  TL  (  1  to  Avoid  Degraded  Opinion,  Workload  Capacity 

Frequency  Separation  of  Inner,  Outer  Loops,  e.g.,  <i>c^  “  2.3  uc  -  0. 5-1.0 

Adequate  Closed-Loop  Damping,  >  0.35-0.50 

Avoid  Closed-Loop  Mid-Frequency  Droop  for  Cood  Opinion 

Favorable  Sensitivity  to  Increasing  Kp ,  TL 


TABLE  9.  COOD  PATH  REGULATION  PROPERTIES 

a  Inner  Loop  (e.g..  Attitude)  Control  Integrity 
and  Equallzalton  Potential 

e  Adequacy  and  Ordering  of  Path  Control  Loop  Bandwidths 

•  Uncoupled  or  Complementary  Control  Responses 

a  Minimum  Depletion  of  Safety  Margins 

a  Control  Economy 

a  Control  Harmony 


TABLE  10.  PILOT  CENTERED  PATH  REGULATION  PROBLEMS 

ATTITUDE  CONTROL 

a  Inadequate  Bandwidth 

a  Inner-Outer  Loop  Equalization  Conflict 
a  Low  Static  Gain 

a  Over-Seneitivlty  to  Galn/Eq ualieat ion 

PATH  CONTROL 

a  Performance  Reversals 

a  Inadequate  Bandwidth 

a  Inadequate  Response  Separation 

a  Difficult  or  Conflicting  Crossfeeds 

a  Excessive  Depletion  of  Safety  margins 

a  Low  (High)  Effective  Path  Gains 
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LOW-SPUD  LONGITUDINAL  FLYING  QUALITIES  OF  MODERN 
TRANSPORT  AIRCRAFT 

by 

H.A.  MoolJ 

National  Aaroapaca  Laboratory  NLR 
Anthony  Fokkerveg  2.  1059  CM  AMSTERDAM 
Tha  Natharlanda 


SUMMARY 

Tha  suitability  of  an  aircraft  with 
raapact  to  h<aian  control  la  dataralnad  by 
lta  ao-callad  handling  qualities.  In 
modern  transport  aircraft  tha  handling 
qualities  are  detemlnad  to  a  high  degree 
by  the  flight  control  systea. 

An  Introduction  to  tha  following 
aspects  of  closed-loop  flight  control 
systens  for  nodern  transport  aircraft  la 
given:  stabilisation  and  manoeuvring 
functions,  candidate  Implementation  forme, 
(mlnl-alsa)  manipulators  for  flight 
control,  and  mathematical  repreaentatlona 
of  the  alrframe/fllght  control  system 
combination  required  for  prediction  and 
evaluation  purposes. 

Regarding  criteria  for  good  handling 
qualities  of  transport  aircraft  the 
"terminal  flight  phases"  (take-off. 
Initial  dink,  final  approach  and  landing) 
are  of  prism  Interest.  A  treaties  on  a 
number  of  promising  quantitative  criteria 
for  transport  aircraft  equipped  with 
advanced  flight  control  systems  Is  given. 

Two  groups  of  criteria  are 
distinguished:  criteria  based  on  the 
dynamic  characteristics  of  the  aircraft 
alone  (six  criteria)  and  criteria  based  on 
the  dynamic  characteristics  of  tha 
pilot /aircraft  closed-loop  system  (two 
criteria).  In  the  latter  case  a  quasl- 
1 Inear  describing  function  for  the  human 
controller  behaviour  Is  used. 


1.  INTRODUCTION 

Tha  suitability  of  an  aircraft  with 
respect  to  hiaun  pilot  control  la 
determined  by  its  so-called  handling- 
qualities.  The  handling  qualities  of  an 
aircraft  are  those  qualities  or 
characteristics  that  govern  the  ease  and 
precision  with  which  a  pilot  Is  able  to 
perform  his  control  task. 

The  handling  qualities  of  the  next 
generations  of  (large)  transport  aircraft 
will  be  different  from  those  of 
contemporary  aircraft  at  a  result  of  the 
flight  control  systems  applied.  The 
developments  In  digital  flight  control 
technology  lead  to  implementation  forms 
which  Incorporate  fltll-tim  stabilisation 
(cloted-loop  flight  control  system). 


One  implication  is  that  the  pilot  will 
control  moat  of  the  tlsm  through 
Intermittent  "trim-type"  Inputs  and  that 
the  relationship  between  these  inputs  and 
certain  aircraft  response  parameters  will 
be  dearly  observable.  During  landing 
(flare  and  touchdown),  however,  the 
control  task  Incorporates  a  strong  element 
of  compensatory  error-reduction  operation. 
[The  present  criteria  for  adequate 
handling  qualities  assume  that  the  pilot 
la  actively  engaged  In  the  stabilising 
function].  Therefore  a  timely  question  la 
whether  the  existing  requirements  for 
adequate  handling  qualities  should  be 
maintained  unaltered  for  the  new 
situation.  If  they  are  found  to  be  not 
applicable,  then  a  new  question  arises: 
which  new  criteria  would  be  needed  to 
assure  adequate  and  safe  handling 
qualities  of  aircraft  possessing 
closed-loop  flight  control  systems? 

Betwsen  1972  and  1981  a  series  of 
experiments  was  performed  at  the  National 
Aerospace  Laboratory  NLR  as  part  of  a 
study  of  longitudinal  handling 
characteristics  of  future  transport 
aircraft  with  closed-loop  flight  control 
systems.  In  anticipation  of  expected 
developments,  the  study  was  aimed 
specifically  at  the  establishment  of 
quantitative  handling  qualities  criteria 
to  be  used  by  anyone  Interested  In  the 
design  of  flight  control  systems  for 
future  transport  aircraft.  Special 
emphasis  was  given  to  the  landing  (flare 
and  touchdown)  flight  phase. 

A  thorough  review  of  the  extensive  and 
valuable  data  for  longitudinal  handling 
qualities  gathered  was  performed  between 
1981  and  1984.  The  result  has  been 
published  In  1985  ss: "CRITERIA  FDR 
LOW-SPEED  LONGITUDINAL  HANDLING  QUALITIES 
OF  TRANSPORT  AIRCRAFT  WITH  CLOSED-LOOP 
FLIGHT  CONTROL  SYSTEMS"  (Hsrtlnus  Nyhoff 
Publishers,  DotGrecht;  ISBN  90-247-3098-8), 
reference  1  In  this  text. 

Because  the  level  of  detail  of  the 
material  presented  In  this  lecture  had  to 
be  limited,  the  Interested  reader  Is 
referred  to  the  above-mentioned  book.  At 
places  where  the  corresponding  text  in 
this  book  Is  considered  enlightening  the 
related  page-numbers  are  Indicated. 


2.  CLOSED-LOOP  FLIGHT  CONTROL  SYSTEMS 


2.1  General 

The  first  demonstration  of  manually 
controlled  powered  flight  by  the  tfrlght 
Brothers  In  1903.  and  their  aucceaaes 
thereafter,  were  primarily  successful  due 
to  their  philosophy  of  devsloplng 
neutrally  stable  or  even  slightly  unstable 
machines  of  which  the  flight  condition  had 
to  be  stabilized  by  continuous  application 
of  powerful  controls  by  the  pilot  (Ref.  2). 

The  more  or  less  unstable  behaviour  of 
the  flying  machines  of  the  Wright  Brothers 
was  a  peculiar  charactarlstlc,  which  had 
to  be  Improved.  Two  axis  pitch  and  roll 
stabilizers  were  developed  from  1914 
onwards  (Ref.  3).  In  reference  4  a 
comprehenelve  overview  of  the  development 
of  automatic  flight  controla  la  given. 

It  Is  noteworthy  that  nearly  all  these 
systems  (pitch-  and  roll-angle  stablllzera 
and  autopilots)  were  designed  without 
almost  any  theoretical  research.  This 
situation  changed  when  a  new  generation  of 
jet-propelled  aircraft  waa  developed 
around  1950. 

In  the  new  aircraft  generation, 
stability  augmentation  waa  required 
because  of  the  weakly  damped  or  allghtly 
unstable  "short-period"  motions.  The 
longitudinal  ehort-perlod  oscillation  and 
the  Dutch-roll  oscillation  were  the  most 
Important  "modes"  causing  difficulties. 


rig.  2.1  Mechanical  primary  flight  control  system. 


The  key  feature  of  stability 
augmentation  la  the  possibility  of 
modifying  the  characteristics  of  the 
physical  eystem.  By  Imposing  aerodynamic 
forces  or  moments  through  the  actuation  of 
the  controla  In  reeponee  to  motion 
variables,  the  various  modes  of  motion  can 
be  changed  as  desired.  To  this  end,  either 
an  actuator  has  to  be  Installed  In  aeries 
with  the  mechanical  signal  transmission 
system  for  the  pilot  Inputs,  or  an 
actuator  has  to  be  Installed  serving  a 
separate  control  surface.  In  figure  2.2, 
the  first  solution  Is  Illustrated.  As  can 
be  derived  from  the  figure,  the 
aerodynamic  surface  la  deflected  according 
to  the  combination  of  the  pilot's 
manipulator  deflection  elgnal  and  the 
signal  generated  in  the  motion  sensor. 

As  the  result  of  the  search  for  the 
beat  obtainable  aerodynemlc  efficiency  of 
the  aircraft  over  a  ’Vide"  flight 
envelope,  the  concept  of  full-time 
stabilisation  has  been  developed.  The 
dynamics  of  the  unaugmented  aircraft  are 
then  mostly  such  that  stabilization  by  the 
pilot  Is  not  always  possible  (due  to  the 
level  of  Instability  of  certain  "modes”). 
A  practical  consequence  of  the  application 
of  this  concept  Is,  that  the  safety  of 
flight  Is  now  directly  related  to  the 
reliability  of  the  system  performing  the 
stabilizing  function. 


Power-boosted  (hydraulic)  control 
systems  came  Into  use  in  order  to  handle 
the  large  hinge  moments  of  the  control 
surfaces.  In  the  earlier  aircraft  there 
was  a  direct  mechanical  link  between  the 
pilot's  manipulator  and  the  aerodynamic 
control  surfaces,  figure  2.1.  This  was  no 
longer  the  case  when  fully  powered 
hydraulic  actuation  of  the  control  surface 
waa  Introduced.  As  a  consequence,  the 
control  forces  the  pilot  had  to  exert  had 
no  longer  a  direct  relation  with  the 
aerodynamic  forces  acting  on  the  control 
surfaces.  This  led  to  the  development  and 
Introduction  of  "artificial  feel  units", 
which  provided  the  pilot  with  the  proper 
force  and  position  cues  to  assist  him  In 
performing  the  required  control  function. 
The  primary  flight  control  system  had 
taken  the  form  illustrated  In  figure  2.2. 
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Pig.  2.2  Fully  powered  prlaary  flight  control 

system  Including  stability  augmentation. 


-  MECHANICAL 

- NON-MECHANICAL 


Fig.  2.3  Closed'loop(FBw)prlaary  flight  control 
systen. 

A  flight  control  system  which  fulfils 
the  full-time  stabilization  function  and 
thus  Incorporates  essential  feedback  loops 
(see  figure  2.3)  Is  called  as  a  closed- 
loop  flight  control  eyetem.  The  flight 
control  system  Is  implemented  such  that 
non-mechanical  elements  (e.g.  flight 
control  computer)  are  Incorporated  in  the 
link  between  the  pilot's  manipulator  and 
the  aerodynamic  control  surfaces. 
Stabilization  of  the  aircraft  rotational 
motions  is  automatically  taken  care  of  by 
such  a  flight  control  system. 


2.2  Functions 

In  view  or  the  efforts  to  maximize  the 
overall  aircraft  efficiency  (In  particular 
In  terms  of  reduced  weight  and  drag) 
closed-loop  flight  control  systems  with 
non-mechanical  signal  transmission  are 
applied  In  modern  transport  aircraft.  This 
means  Chat  the  need  for  stabilization,  as 
one  of  the  control  functions  performed  by 
the  pilot,  will  be  grestly  diminished. 
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In  a  feedback  control  system  around  a 
multivariable  alaaant,  such  as  an 
aircraft,  several  (state)  variables  can  be 
aelectad  as  the  controlled  variables.  For 
an  aircraft  In  ’’longitudinal"  motion  the 
following  three  motion  variables,  or 
rather  thalr  deviations  from  reference 
values,  should  be  considered: 

-  pitch  angle  (6), 

-  angle-of-attack  (a) 

-  airspeed  (u). 

With  respect  to  the  control  elemente, 
the  following  three  are  available  In 
principle: 

-  p Itching-moment  control  element, 
effected  by  moment-producing  aerodynamic 
surfaces, 

-  normal-force  control  elements,  effected 
by  lift-producing  aerodynamic  surfaces, 

-  longitudinal-force  control  element, 
effected  by  thrust-producing  power 
plants  (engines). 

In  a  closed-loop  flight  control  system, 
the  selection  of  a  controlled  aircraft 
variable  and  a  control  clamant  must  be 
based  on  the  following  two  functions  of 
the  flight  control  system: 

A)  stabilising  the  aircraft 
(automatically) 

B)  providing  the  means  for  manoeuvring  by 
the  pilot. 

First,  the  desirable  system 
characteristics  from  the  point  of  view  of 
stabilization  are  discussed. 

Closed-loop  systems  based  on  pitch 
angle  (6)  or  angle-of-attack  (a)  and 
elevator  (S^),  "stabilise”  the  aircraft 

angular  motions.  The  orientation  of  the 
reference  for  stabilisation,  howaver,  is 
fundamentally  different  for  these  two 
controlled  variables: 

-  the  vertical,  for  the  system  based  on 
pitch  angle  (6), 

-  the  airflow  direction  relative  to  the 
aircraft,  for  the  system  based  on 
angle-of-attack  (a). 

For  stabilization  of  the  angular 
motion,  a  system  based  on  pitch  angle  and 
elevator  (6,  6  )  can  provide  both  the 

stability  for  an  unstable  aircraft  and  the 
reduction  of  pitch-angle  response  to  gust 
lnputa.  In  addition,  such  a  system  la 
desirable  from  the  point  of  view  of  the 
pilot,  since  his  primary  input  signal 
(pitch  angle)  Is  stabilised  during 
unattended  operation.  He  Is  therefore 
relieved  from  one  of  his  primary  control 
tasks,  vis.  stabilising  ths  aircraft.  An 
additional  closed-loop  system  based  on 
speed  as  ths  controlled  aircraft  variable 
and  the  engine  thrust  as  ths  longitudinal- 
force  control  element  (u,  d^)  can 

stabilise  airspeed  during  the  approach 
flight  phaas. 

Next,  the  desirable  system 
characteristics  from  the  point  of  view  of 
manoeuvring  during  terminal  flight  phases 
are  discussed. 


Longitudinal  manoeuvring  Implies 
changing  the  aircraft  pitch  angle  and  as  a 
consequence  changing  the  flight-path  angle 
(Y,  direction  of  the  velocity  vector)  in 
the  plane  of  synmetry  of  the  aircraft 
and/or  changing  the  airspeed  (V,  magnitude 
of  the  velocity  vector) . 

The  controlled  (aucb  as  6)  or 
indirectly  controlled  (such  as  y  or  V) 
motion  variables  being  of  Immediate 
concern  for  manoeuvring  are,  depending  on 
ths  flight  phase: 

-  pitch  angle  for  take-off  followed  by 
airspeed  (at  "maximum"  thrust)  for 
Initial  climb, 

-  flight-path  angle  and  airspeed 
simultaneously  during  final  approach 
followed  by  flight-path  angle  and  pitch 
angle  tor  landing. 

With  regard  to  manoeuvring,  a  system 
based  on  pitch  angle  and  elevator  (6,  4^) 

la  appropriate  for  effecting  changes  In 
pitch  angle  (take-off  and  landing), 
airspeed  (Initial  climb),  and  flight-path 
angle  (approach). 

When  combining  the  above  two  control 
functions  of  stabilising  and  manoeuvring. 
It  la  stated  that  the  ao-callsd  pitoh-rate- 
oamand/pitoh-angle-hold  flight  control 
system  forms  the  most  promising  form  of 
system  Implementation. 

A  comprehensive  treatise  on  the 
fundamental  and  the  Implementation 
dependent  side-effects  on  flying  qualities 
of  the  different  options  for  a  closed-loop 
flight  control  system  la  presented  In 
reference  5.  In  the  reference  It  Is 
concluded  that  the  pltch-rate- 
command /pitch-angle-hold  category  will 
probably  prevail  in  future  mechanisations. 

For  aircraft  with  shortcomings  with 
respect  to  flight-path  control,  "manoeuvre 
enhancement"  systems  (systems  which  affect 
the  lift  force  directly  by  applying 
"direct-lift”  aerodynamic  surfaces  on  the 
wing)  must  be  taken  Into  consideration  as 
wall  (see  Section  5.2).  Such  a  system 
must,  however,  must  be  "selectable",  l.e. 

It  must  be  switched  on  only  during 
particular  flight  phases  (e.g.  final 
approach  and  landing). 

Systema  indicated  as  "flight-path 
a ngle-rate-coamand/f light-path  angle-hold" 
are  under  consideration  at  the  moment. 
There  are  Indications  at  present  that 
these  systems  will  not  be  used  below  a 
certain  altltuda  (e.g.  100  ft)  above  the 
runway. 


2.3  Manipulators 

The  output  of  the  pilot,  namely  the 
"ciwinda"  given  to  the  closed-loop  flight 
control  system,  are  transmitted  to  the 
aircraft  through  a  manipulator.  Aa  such 
the  manipulator  la  an  element  of  tha 
pilot /aircraft  combination  and  Its 
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characteristic*  play  therefore  a  rol*  In 
the  pilot's  opinion  on  the  handling 
qualities  of  the  aircraft. 

Three  types  of  manipulators  can  be 
distinguished: 

-  column  wheel  combination  (which  la  the 
standard  mechanisation  In  contemporary 
transport  aircraft). 

-  centre-stick. 

-  (mlnl-slre)  side-stick. 

The  most  appropriate  choice  between 
these  typea  lies  basically  in  the  realm  of 
human  factors  and  depends  heavily  on  the 
desired  organization  of  dlaplaye  and 
controls  in  the  cockpit. 

A  few  Introductory  remarks  with  respect 
to  the  side-stick  are  in  order  here, 
because  of  some  unmistakable  Indications 
that  In  future  aircraft  with  closed-loop 
flight  control  systems  such  a  manipulator 
may  become  the  favourite  choice  (see  e.g. 
Ref.  6). 

Side-sticks  enhance  the  benefits  of 
systems  with  non-mechanical  signal 
transmission  because  of  their  reduced  mass 
relative  to  the  classical  manipulator, 
smaller  size,  and  favourable  location.  The 
last  two  characteristics  are  important 
with  respect  to  optimal  flight  deck 
lay-out  (visibility  of  primary  flight 
instruments) . 

Basically  two  mechanization  forms  of 
manipulators  with  electric  output  can  be 
considered  for  flight  control  purposes: 

-  the  pressure  manipulator  (with  hardly 
any  displacement), 

-  the  compliant  manipulator. 

In  all  available  sources  on  flight 
tests  with  pressure  and  compliant  alde- 
stlcks.  It  Is  concluded  that  the  compliant 
type  is  to  be  preferred  over  the  pressure 
type  (Refs.  7  and  8).  More  details  and 
valuable  suggestions  concerning  the  design 
of  compliant  slde-stlck  manipulators  have 
been  described  by  Miller  and  Emflnger 
(Ref.  8).  When  the  characteristics  of  such 
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a  manipulator  are  considered,  two  elements 
deserve  serious  consideration,  figure  2.4: 

-  the  mechanical  element,  which  transform* 
the  pilot's  input  to  the  manipulator 
Into  an  electric  signal, 

-  the  electric  element.  In  which  this 
signal  la  transformed  Into  a  "command" 
signal;  the  Input/output  relation  is 
called  the  "coanand  shaping”. 

It  la  asaumed  that.  In  order  to  strike 
a  (correct)  balance  between  the  force 
levels  required  for  small  values  of 
conmanded  motions  and  those  for  larger 
values,  a  non-linear  relation  between 
pilot's  force  Input  and  the  "conmanded" 
signal  Is  favourable  (multi-gradient 
command  shaping) . 


3.  HANDLING  QUALITIES  CRITERIA 
3.1  General 

In  this  lecture  the  criteria  for 
handling  qualities  of  transport  aircraft 
with  closed-loop  flight  control  systems 
as  mentioned  in  Chapter  2  are  restricted 
to  longitudinal  manoeuvring  during 
low-speed  flight.  Including  flare  and 
touchdoun. 

The  areas  of  application  of  the 
criteria  are  prediction  of  handling  qual¬ 
ities  during  the  design  and  development 
phase  of  aircraft,  and  evaluation  of 
handling  qualities  as  part  of  the 
"certification"  in  the  case  of  civil 
aircraft,  or  "proving  compliance  with  a 
procurement  specification"  In  the  case  of 
military  aircraft. 

During  the  design  and  development 
phase,  the  handling  qualities  of  an 
aircraft  are  predicted  on  the  basis  of 
numerical  measures  calculated  from  an 
estimated  mathematical  model  describing 
the  dynamic  characteristics  of  the 
combination  of  the  airframe,  the  flight 
control  system,  and  the  propulsion  system. 
Preferably,  the  criteria  used  for 
prediction  should  permit  the  designer  to 
explore  the  effects  of  proposed  changes  In 
flight  control  system  lay-out,  including 
various  combinations  of  feedback  and  feed¬ 
forward  paths,  compensation  networks  and 
filters,  in  his  attempts  to  achieve  the 
desired  handling  qualities. 

The  evaluation  of  the  handling 
qualities  of  aircraft  in  existence  can  be 
broken  down  In  analytic  evaluation, 
evaluation  through  simulation,  and 
evaluation  through  flight  tests. 

Because  of  the  more  stringent 
requirements  for  handling  qualities  of 
military  aircraft  as  compared  to  civil 
aircraft.  It  Is  observed  that  In  the  (US) 
Military  Specification  compliance  with  all 
requirements  of  the  specification  has  to 
be  demonstrated  through  analysis.  [This 
type  of  (analytic)  evaluation  does  not 
differ  from  the  type  of  activity  performed 
during  the  design  and  development  phase  of 
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Che  aircraft  as  described  above].  In 
addition,  compliance  with  many  of  the 
requirements  of  the  (DS)  Military 
Specification  has  to  be  demonstrated  by 
simulation,  flight  test  or  both.  The 
selection  of  these  requirements  is  made 
jointly  by  the  procuring  agency,  the  test 
agency,  and  the  manufacturer.  It  is  of 
interest  to  observe  that  "where  simulation 
is  the  ultimate  method  of  demonstrating 
compliance  with  a  requirement,  the 
simulation  model  shall  be  validated  with 
flight  test  data  and  approved  by  the 
procuring  agency". 

The  criteria  used  for  assessing  the 
handling  qualities  of  an  existing  aircraft 
should  preferably  be  expressed  in  measures 
(e.g.  time  histories  of  motion  variables 
to  a  step-type  manipulator  input)  that  can 
be  determined  directly  from  flight  test 
results  (objective  data)  or  determined 
indirectly  using  a  mathematical  model 
established  on  the  basis  of  flight  test 
results  (analytical  data)*  In  both  cases 
it  is  important  that  the  in-flight  test 
technique  is  not  unduly  complex. 

i  In  principle,  the  limit  values  or 

boundaries  In  the  requirements  of  the  (US) 
Military  Specification  are  associated  with 
one  of  three  "Levels"  of  acceptability. 
There  is  a  direct  relationship  between  the 

k  three  Levels  and  pilot  ratings  given 

according  to  the  Handling  Qualities  Rating 
Scale  (sometimes  referred  to  as  the 
Cooper-Harper  (CH)  Scale)  presented  in 
figure  3.1  (Ref.  9),  as  indicated  in  the 
Background  Information  and  User  Guide  of 
MIL-F-8785  B  (Ref.  10).  The  overall 
relationships  are: 

Level  1,  pilot  ratings  13  2  and  3(CH); 
descriptor  used  here:  clearly -adequate; 


Level  2,  pilot  ratings  4 ,  6  and  £(CH); 
descriptor  used  here:  adequate ; 

Level  3,  pilot  ratings  7t  8  and  £(CH); 
descriptor  used  here:  inadequate . 

Only  the  criteria  for  clearly -adequate 
handling  qualities  are  treated  in  Chapters 
4  and  5,  because  the  attention  will  be 
focussed  on  establishing  the  clearly- 
adequate /adequate  boundary  (Level  17- 
Level  2). 

The  handling  quality  criteria  are 
divided  into  two  groups: 

-  criteria  based  on  the  dynamic 
characteristics  of  the  aircraft  only, 
and 

-  criteria  based  on  the  dynamic 
characteristics  of  the  pllot/alrcraf t 
closedloop  system. 

The  criteria,  based  on  the  dynamic 
characteristics  of  the  aircraft  only ,  are 
related  to: 

-  the  parameters  of  the  transfer 
functions, 

-  the  frequency  responses, 

-  the  time  histories  for  a  step-type  or 
block-type  manipulator  input. 

The  criteria,  based  on  the  dynamic 
characteristics  of  the  pilot /aircraft 
closed-loop  system ,  are  based  on 
calculations  concerning  the  pilot/aircraf t 
closed-loop  control  structure.  They  are 
related  to  frequency  domain  measures  such 
as: 

-  pilot  compensation,  e.g.  magnitude  of 
certain  parameters  in  a  model  for  the 
control  behaviour  of  the  pilot, 

-  closed-loop  resonance. 
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In  both  sbove-stentloned  groups  of 
criteria,  the  transfer  functions  of 
aircraft  aotlon  variables  to  Manipulator 
input  have  to  be  available.  These  transfer 
functions  can  be  calculated  by  combining 
the  appropriate  control-input  transfer 
functions  of  the  aircraft,  with  all 
elements  forming  the  flight  control 
system.  Where  simulators  are  used  in  the 
generation  of  subjective  data,  their 
dynamics  have  to  be  included  in  the 
transfer  functions  as  well.  For  the  second 
group  a  model  for  the  control  behaviour  of 
the  pilot  is  required;  in  Section  3.3  such 
a  model  will  be  introduced. 

The  aircraft  types  envisaged  In  the 
discussion  of  criteria  (Chapters  4  and  5) 
are  " large;  heavy;  low-to-medlum 
manoeuvrability"  (MIL-F-8785  C:  Class  III 
aircraft).  The  flight  phases  considered 
are  categorized  as  "terminal  flight  phases 
using  gradual  manoeuvres  and  requiring 
accurate  flight-path  control";  take-off, 
initial  climb,  final  approach  and  landing 
are  comprised  (MIL-F-8785  C:  Category  C 
flight  phases). 


3.2  Mathematical  representation  of  the 
aircraft 

For  the  application  of  a  number  of  the 
criteria  discussed  in  Sections  4.2  and 
5.2,  the  complete  form  for  the 
mathematical  representation  (model)  of  the 
dynamic  characteristics  of  the  (simulated) 
aircraft  can  be  used.  However,  for  the 
application  of  several  of  the  criteria 
certain  specific  features  of  the 
mathematical  representation  are  required. 
These  features  are: 

a.  a  well-defined  quasi-steady  state  value 
of  the  time  response  of  certain  aircraft 
variables  after  a  step- type  manipulator 
input ; 

b.  an  approximation  of  the  aircraft  dynamic 
characteristics  by  a  transfer  function 
containing  a  limited  number  of 

parameters . 

Sub  a)  A  quasisteady  state  value  of  the 
time  response 

The  "constant- speed  equations  of 
motion"  are  used  here,  instead  of  the 
"complete  equations  of  motion",  for  the 
determination  of  the  manipulator- Input 
transfer  functions.  The  "constant-speed 
equations  of  motion"  la  a  subset  of  the 
perturbation  equations  of  motion  obtained 
by  deleting  the  force  equation  along  the 
body-fixed  X-axis  and  putting  the  speed- 
perturbation  equal  to  zero.  In  the 
following,  a  transfer  function  concerning 
the  combination  of  airframe  and  flight 
control  system  based  on  the  "constant- 
speed  equations  of  motion",  will  be  called 
the  Qonstantspeed  transfer  function , 
while  the  transfer  function  based  on  the 
"complete  equations  of  motion”  will  be 
called  the  complete  transfer  function . 


Sub  b)  A  transfer  function  containing  a 
limited  number  of  parameters 

One  way  to  describe  aircraft  with 
elaborate  flight  control  system  structures 
using  only  the  constant-speed  equations  of 
motion  for  the  basic  airframe  ia  by  means 
of  a  low-order  equivalent  transfer 
function. 

A  low-order  equivalent  transfer 
function  can  be  determined  by  means  of  a 
fitting  procedure  of  the  frequency 
response  over  a  certain  frequency  range. 
Often  the  amplitude  and  phase  differences 
are  computed  at  20  discrete  frequencies 
between  0.1  and  10  rad/a,  evenly  spaced 
on  a  logarithmic  scale. 

One  (by  feedback-loop)  controlled 
variable  of  Importance  for  further 
consideration  is  pitch- rate  response.  The 
expression  for  the  low-order  equivalent 
transfer  function  for  pitch-rate  response 
(q)  to  manipulator  input  (s£)  is: 
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The  terms  t  ,  to  ,  and  5  are  the 

q  q  q 

parameters  which  can  be  related  to  xa  , 

02 

w  and  C  in  the  transfer  function  based 
sp  sp 

on  the  "constant-speed  equations  of 
motion"  of  the  unaugmented  aircraft.  The 
term  T  is  the  total  effective  time  delay 

q 

resulting  from  the  addition  of  the  delays 
due  to:  high  frequency  flight  control 
system  modes  (actuators,  compensation* 
etc.),  digital  sampling,  computation 
times,  etc. 


3.3  Mathematical  representation  of  the 
pllot/alrcraft  system 

One  type  of  model  which  Is  appl<  :able 
to  the  stability  and  performance  f  pects 
of  the  pilot/aircraft  system  is  pr  sented 
here.  It  is  the  manual  single-loop  control 
situation  classified  as  the  compensatory 
control  structure.  The  relevant  structure 
for  visual  inputs  to  the  human  controller 
is  presented  in  figure  3.2.  Concerning  the 
flare  manoeuvre  (an  Important  aspect  In 
the  present  discussion)  it  is  assumed  that 
compensatory  operation  and  so-called 

HUMAN  HUMAN 

CWTMWIM  CWTROUt*  SVSTfM 

,l,ruT  visuai  oirruiT  out  rut 


Fig.  3.2  Conpensatory  control  structure  tor 
visual  i nputs . 
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pracognltlve  operation  occur  In  a  "dual- 
node"  control  altuation.  The  flare  nay 
vary  wall  be  Initiated  and  largely 
acconpliahed  by  the  precognltive  action 
and  than  conpleted  with  conpenaatory  error- 
reduction  operationa  (Ref.  11). 

A  nodal  for  the  control  behaviour  of 
the  pilot,  applicable  to  tba  stability  and 
perfomance  aspects  of  the  pilot/aircraft 
closed-loop  aysten  is: 


H  fjn) 
P 


-JuT 

K  a  (Ju  +  1/t.  ) 
(ju  +  1/tj) 


(3.2) 


This  nodal  forns  one  of  the  two  factora  In 
the  "Crossover  Model”,  Introduced  by  McRuer 
and  co-vorkers  (Ref.  12): 


Hp(JU)Hc(Jul)  .  ^ 


-JuT 


(3.3) 


The  parameters  of  can  be 


determined  by  a  fitting  procedure  using 
the  measured  describing  function  of  the 

human  controller.  The  other  factor,  H  (Jw), 

c 

Indicates  the  frequency  response  of  the 
controlled  element  (aircraft).  A  model  for 
the  more  complex  control  situation  in 
which  the  pilot  controls  two  system 
outputs  simultaneously  will  be  Introduced 
In  Section  3.2. 


4.  CRITERIA  EXPRESSED  IN  THE  DYNAMIC 
CHARACTERISTICS  OF  THE  AIRCRAFT 

4.1  General 

The  handling  qualities  of  an  aircraft 
can  be  judged  by  test  pilots  who  have  the 
proper  background.  Their  opinions  are 
reasonable  reproducible  and  therefore  of 
great  value  In  experimental  research.  A 
valuable  description  of  the  historical 
development  of  the  test  pilot  profession 
has  been  given  in  reference  13. 

A  milestone  In  the  development  of 
handling  quality  criteria  was  reached  when 
NACA  Report  927  (Ref.  14)  was  issued  In 
1949.  This  document  of  singular  value 
presents  a  complete  set  of  requirements 
together  with  a  discussion  on  the  reasons 
for  each  individual  requirement.  The 
requirements  are  based  on  results  of 
flight  tests  with  about  sixty  different 
aircraft. 

The  extension  of  this  handling 
qualities  data  base  started  In  the 
nld-1950's  with  results  of  tests  using 
variable- stability  aircraft  (essentially 
the  first  aircraft  with  closed-loop  flight 
control  systems)  followed  later  by 
in-flight  eimulat-re.  For  an  overview  of 
the  historical  development  of  handling 


quality  criteria  one  is  referred  to 
reference  1  {Ref.  1;  p. 47-48} 

The  military  requirements  are  as  far  as 
possible  quantitative;  the  purpose  of 
military  requirements  Is  to  ensure  a 
certain  level  of  mission  perfomance  as 
well  as  safety  of  operation. 

The  well-known  series  of  (US)  Military 
Specifications  started  4o  >ears  ago  while 
Its  latest  Issue  dates  from  1980  (Ref.  15 
through  20) . 

The  civil  requirements  are  essentially 
qualitative;  the  purpose  of  civil 
requirements  Is  to  ensure  safety  of 
operation  rather  than  the  effectiveness  of 
the  mission. 

In  the  United  States,  the  Federal 
Aviation  issues  regularly  updated  versions 
of  the  Federal  Aviation  Regulations 
(FAR)(e.g.  Ref.  21)  while  In  Europe  the 
so-called  Joint  Airworthiness  Requirements 
(JAR)(e.g.  Ref.  22)  have  been  Issued. 

The  following  section  is  written  in  the 
light  of  relevant  experiments  using  a 
ground-based  and  an  ln-fllght  simulator 
(Ref.  1). 


4.2  Criteria 

1  LOW-ORDER  EQUIVALENT  TRANSFER  FUNCTION 
CRITERION 

The  (US)  Military  Specification,  Flying 
Qualities  of  Piloted  Airplanes  (Ref.  20), 
provides  a  short-period  response  criterion 
Its  application  is  aimed  at  aircraft  with 
open-loop  flight  control  systems  and  is 
expressed  in  terms  of  the  undamped  natural 
frequency  and  the  damping  ratio  in  the 

constant-speed  transfer  function  (is  , 

sp 

C  )  and  the  normal  acceleration 
sp 

sensitivity  (no>. 

It  seems  attractive  to  apply  the 
criterion  also  to  aircraft  with 
closed-loop  flight  control  systems  and 
thus  to  parameters  of  the  low-order 
equivalent  transfer  function  (equation 
3.1). 


Criterion 

The  parameters  for  the  low-order 
equivalent  transfer  function  for 
pitch-rate  response  to  manipulator  Input, 
equation  (3.1),  shall  not  exceed  the 
following  limits: 

a)  The  values  for  is  (u  )  and  n  (n  ) 

q  sp  “e  “ 

shall  lie  within  the  boundaries 
depicted  in  figure  4.1. 

b)  With  respect  to  the  equivalent 
(short-period)  damping  ratio: 

0.35  c  C  (C  J  <  1.30 
q  sp 

c)  With  respect  to  the  equivalent  time 
delay: 


T  <  0.1  s 
<1 
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Fig.  4.1  Equivalent  (short-period)  undamped 
natural  frequency  versus  nornal 
acceleration  sensitivity. 


Remarks 

Sub  a)  The  original  boundaries  of  u 
as  a  function  of  nQ  (the  set  of  four  8p 

parallel  lines)  are  based  on  the  Control 
Anticipation  Parameter  (CAP)  established 
by  Blhrle  (Ref.  23).  He  demonstrated  a 
strong  correlation  between  pilot  ratings 
and  the  value  of  the  ratio  of  the  initial 
pitch  acceleration  and  the  steady-state 
load  factor  after  a  step-type  manipulator 
Input .  By  assuming  constant-speed 
equations  of  motion  the  expression  for  the 
CAP  (for  an  unaugmented  aircraft)  can  be 
written  as: 


CAP 


(02 

n 


a 


(4.1) 


The  two  parallel  lines  of  the  Level  1/- 
Level  2  distinction  correspond  to 
-2 

0.16  rad.s  /g  (lower  boundary)  and  3.6 
•2 

rad .s  /g  (upper  boundary) . 

In  figure  4.1  also  two  absolute 
boundaries  are  present.  The  original  lower 

(absolute)  limit  on  u  Is  based  on  the 
sp 

assumption  that  a  lowest  value  of  u 

®P 

exists  below  which  satisfactory 
manoeuvring  Is  not  possible.  The  original 

lower  (absolute)  limit  on  n  Is  based  on 
a 

the  assumption  that  tha  lag  betv.cn  pitch 
angle  and  flight  path  angle  change  should 
be  reetrlcted  In  the  final  approach  and 
landing  of  an  aircraft.  The  follovlng 
expression  exists  for  thla  relatlonahlp: 


* 

V 


♦K 


(4.2) 


Sub  b)  The  limit  values  of  C  are 

®P 

based  on  the  consideration  that,  when  the 
damping  ratio  Is  too  low,  the  aircraft 
short -period  response  overshoots  and 
oscillates,  while,  when  the  damping  ratio 
Is  too  high,  the  response  may  become 
"sluggish”.  The  latter  holds  In  particular 
for  high  damping  combined  with  a 
relatively  low  value  of  • 

Sub  c)  Experience  has  shown  that  the 
time  delay,  T  In  the  low-order  equivalent 

transfer  function  for  pitch-rate  response 
to  manipulator  Input,  Is  potentially 
significant  for  "augmented"  aircraft.  The 
equivalent  time  delay  comprises  the  delays 
contributed  by  the  flight  control  system. 

Discussion 

It  is  observed  that  Part  a)  of  the 
criterion  Is  prone  to  difficulties  In 
Interpretation.  If  the  criterion  Is 
Interpreted  In  accordance  with  the 
background  of  MIL-F-8785  C  (pitch  angle 
control  characteristics  only;  CAP-based 
philosophy)  an  "equivalent  n^"  has  to  be 

used  instead  of  n^.  This  parameter, 

indicated  as  n  ,  is  related  to  t  by: 

a  q 

e 

i>a  -  V/(gT^)  {Ref.  l;p.  13).  The  reason 

for  this  is  that  the  criterion  does  not 
make  a  distinction  between  configurations 
with  different  values  of  the  CAP  if  n^  is 
used. 

From  experimental  evidence  {Ref.  1; 
p.  104-107)  It  appears  that  the  lower 
oblique  boundary  of  the  criterion 
(Fig.  4.1)  Is  slightly  too  lenient  with 
respect  to  sluggish  behaviour. 

Concerning  Part  c)  of  the  criterion  It 
can  be  observed  that  the  Unit  value  on  T 
Is  too  limiting  {Ref.  l;p.  104-107).  ** 

Especially  In  the  area  of  relatively 
low  equivalent  undamped  natural 
frequencies  (vicinity  of  the  lower  oblique 
boundary),  the  effects  of  all  four 
parameters  r  ,  u  ,  c  and  T  should  be 
<1  <1  <1  <i 

considered  simultaneously.  This  aspect 
will  be  discussed  further  when  the  NLR 
RISE-TIME  AND  SETTLING-TIME  CRITERION  Is 
Introduced. 


2  NLR-MODIPIED  COMPATIBILOT  OF 
MANIPULATOR  FORCES  CRITERION. 

Introduction 

An  aircraft  has  several  degrees  of 
freedom  and  thus  a  number  of  variables 
exists  which  rsspond  to  manipulator  Inputs 
(e.g.  pitch  angle,  normal  acceleration). 
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The  "sain1'  for  one  aircraft  response 
varlabla  to  a  Manipulator  Input  should, 
from  a  piloting  standpoint ,  not  be 
"Incompatible"  with  tha  "gain"  for  another 
variable  to  that  Input.  Tha  frequency 
region  for  uhleh  "galna"  (amplitude 
ratloa)  arc  of  lnportanca  moreover  differ 
for  the  varloua  raaponaa  variable*. 

Criterion 

The  product  of  the  manipulator  force 
par  unit  load  factor,  dF^/dn,  and  the 

maximum  of  the  amplitude  ratio  of  pitch 
acceleration  to  manipulator  control 

force,  1 shall  not  exceed  the 
following  limit: 


u*  _  - 

•  I  J-  I  <  0.45  rad. a-2/ g 

e  max 


3  LARGE  SUPERSONIC  AIRCRAFT  CRITERION 
Introduction 

For  flight  at  low  airapeeda  with  large 
auperaeolc  aircraft,  Boeing  preaented  In 
1975  (Raf.  25)  a  criterion  for  longitudinal 
manoeuvring.  A  combination  of  limitations 
In  the  time  domain  and  In  the  transfer- 
function  parameter  domain  has  been 
proposed . 

Criterion 

a)  The  pitch-rate  time  history  (quaai- 
steady-state)  in  response  to  e  step- 
type  manipulator  input.  In  normalised 
form,  shall  lie  within  the  boundaries 
depicted  In  figure  4.2. 

b)  With  respect  to  the  time  required  to 

reach  maximum  pitch  rate,  T  ,  the 
q-ux 

following  shall  be  observed: 


Resiarks 

In  the  above  criterion  two  parameters 
related  to  the  manipulator  input  are 
combined: 

-  the  manipulator  force  per  unit  load 
factor,  dF^/dn,  with  reference  to  the 

quasl-steady-atate  condition 
(constant-speed  approximation); 

-  the  maximum  pitch  acceleration 

amplitude  ratio  |fl/F-|  ,  occurring  at 

c  max 

the  equivalent  undamped  natural 
frequency  or,  if  there  are  lightly- 
damped  contxol  system  modes ,  at  the 
frequency  which  has  the  largest 
amplitude  ratio. 

These  two  parameters  can  become 
Incompatible  in  the  sense  that  the 
maximum  pitch  acceleration  amplitude  ratio 

too  high  relative  to  the 

manipulator  force  per  unit  load  factor 
(dF^/dn) . 

The  above-mentioned  requirement  has 
been  primarily  developed  to  limit  various 
handling  qualities  problems,  such  as  those 
caused  by  very  high  equivalent  undamped 
natural  frequencies,  high  equivalent 
undamped  natural  frequency  combined  with 
low  damping  ratio,  large  lead  in  the 
flight  control  system,  and  poorly  designed 
bobweight  systems  (mechanical  primary 
flight  control  systems) . 

Discussion 

The  criterion  is  based  on  work  by 
Calspan  (Ref.  24).  In  this  reference  a 
_2 

limit  value  of  2.5  rad. a  /g  is  proposed; 
no  background  information  for  this  value 
la  given.  Based  on  experimental  evidence 
(Ref.  1;  p.  108}  the  limit  value  in  the 
above  mentioned  criterion  is  proposed. 

It  should  be  realised  that  this 
criterion  la  not  related  to  a  particular 
type  of  pilot's  manipulator  for  pitch- 
angle  control. 


1.1 


<  T 


q-max 


1.8  s 


c)  With  respect  to  the  total  damping  of 
the  denominator  of  the  low-order 
equivalent  transfer  function  for  pitch 
rate  to  manipulator  input  (equation 
(3.1)),  the  following  shall  be  observed: 


0.5  rad/s  <  (  a  (!  w  )  <  1.05  rad/s 
q  q  sp  sp 


Tig.  4.2  Part  a)  of  Large  Supersonic  Al.*craft 
Criterion;  pitch-rate  tine-history 
envelope. 

Remarks 

It  is  remarked  that  the  constant-speed 
equations  of  motion  (constant-speed 
transfer  function)  should  be  used  In  the 
generation  of  the  time  response. 

The  criterion  is  Included  here  because 
It  Is  one  of  the  few  time-response 
envelope  criteria  proposed  for  advanced 
aircraft  development  programs  (In  this 
case  the  (US)  National  Supersonic 
Transport  Program). 

Dlscuaslon 

Two  distinct  observations  can  be  made 
on  tha  basis  of  experimental  evidence 
(Ref.  1;  p.  109,  110).  Concerning  Part  a) 
of  the  criterion.  It  la  noted  that  tha 
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lower  boundary  (Fig.  4.2)  up  to  l.S 
second*  la  too  stringent .  This  1*  among 
others  attributed  to  the  fact  that  In  this 
tine— history  envelope  criterion  no 
allova  nee  is  mads  for  a  tins  delay. 
Concerning  Part  b)  of  the  criterion.  It  Is 
noted  that  the  Halt  on  T  is  too 

lit 

stringent  on  the  maximum-side. 


4  SPACE  SHUTTLE  OBBITER  CRITERION 
Introduction 

As  on*  of  the  attenpts  to  specify  the 
flying  qualities  for  an  aircraft  vlth  a 
cloeed-loop  flight  control  eyatem,  the 
work  performed  for  the  Space  Shuttle 
Orblter  of  the  US  Space  Transportation 
System  (STS)  should  certainly  be 
mentioned.  The  original  specification  for 
flying  qualities  was  especially  related  to 
pitch-angle  control  (Ref.  26).  The  flight 
control  system  bad  to  provide  a  pitch-rate 
output  proportional  to  the  pilot's  Input, 
while  the  transient  pitch-rate  response  to 
a  step-type  manipulator  deflection  was 
bounded  by  a  time-history  envelope.  The 
(final)  specification  presented  here  Is 
baaed  on  work  by  Rockwell  (Ref.  27). 

Criterion 

The  value  of  the  pitch-rate  time 
history  in  response  to  a  step-type 
manipulator  Input  In  normalized  form  shall 
lie  within  the  boundaries  depicted  In 
figure  4.3. 


”  '  *  ’  tM  ' 


Fig.  4.3  Space  Shuttle  Orhiter  Criterion; 

pitch-rate  tlee-hlstory  envelope. 

Remarks 

The  constant-speed  equations  of  motion 
(constant-speed  transfer  function)  should 
be  used  In  the  generation  of  the  time 
response . 

Discussion 

Based  on  experimental  evidence  (Ref.  1; 
p.  110,111}  the  following  two  observations 
are  made: 

-  The  upper  boundary  (Fig.  4.3)  Is 
somewhat  too  limiting, 

-  The  position  of  the  lower  boundary 
would  permit  somewhat  more  sluggish 
response  of  pitch  rate  that  what  la 
thought  to  be  required  to  obtain 
olaarly-adeqmte  handling  qualities. 


5  NLR-MODIFIED  GIBSON  CRITERION 
Introduction 

Successful  precognltive,  l.e.  open- 
loop,  operation  depends  to  a  great  extent 
on  the  predictability  of  the  final  value 
of  the  response  after  a  (corrective)  input 


t 


Fig.  4.4  Pitch-rate  and  pitch-angle  reapona  to 

a  block-type  eanipulator  coeeand  signal . 

Figure  4.4  shows  the  pitch-angle  response 
to  a  block-type  manipulator  Input  in 
generalized  form.  "Dropback"  (Curve  I)  or 
"overshoot"  (Curve  II)  of  pitch  angle 
occurring  after  the  input  is  removed,  are 
Important  characteristics  In  this  respect. 
These  characteristics  are  especially 
observable  by  the  pilot  of  aircraft 
equipped  with  a  flight  control  system 
featuring  (high-quality)  pitch-angle 
stabilization. 


Fig.  4.5  NLR-eodified  Gibson  criterion 


Criterion 

Normalised  "dropback",  Drb/q  ,  and 
pitch-rat*  overshoot  ratio 

shall  11a  within  tha  boundaries  Indicated 
In  figure  4.5. 

Remarks 

Tha  complete  equations  of  notion 
(complete  transfer  function)  should  ba 
usad  whan  applying  this  criterion  (Ref.  1; 
p.  Ml). 

Discussion 

In  tha  developaent  of  the  NLR-MODIFIED 
GIBSON  CRITERION  on  "dropback"  for  larga 
transport  aircraft,  the  structure  as 
formulated  by  Gibson  for  the  fighter 
combat  manoeuvring  task  (Ref.  28)  has  been 
used.  In  reference  28  It  la  stated  that 
for  this  aircraft  type  In  the  landing 
approach  values  for  Drb/q<#  up  to  at  least 

1.0  a  are  allowable  for  satisfactory 
handling  qualities.  Experimental  evidence 
(Ref.  1;  p.  Ill,  112}  Indicates  that: 

-  aircraft  with  nagatlve  values  of 
Drb/q^  Indeed  fall  In  the  area  of  the 

original  criterion  Indicated  as 
"sluggish",  "overshoot", 

-  positive  values  of  Drb/q^  In  excess  of 

about  1.0  s  were  associated  with 
pilot  expressions  as  "abrupt",  "bobble 
tendency", 

-  the  upper  horizontal  cut-off  has  been 
established  on  the  basis  of  overall- 
insight  (experiments  and  the  SPACE 
SHUTTLE  ORBITER  CRITERION). 


6  MLR  RISE-TIME  AND  SETTLING-TIME 
CRITERION 

Introduction 

A  fundaaental  drawback  of  the  In 
various  quarters  reconnendcd  LOW-ORDER 
EQUIVALENT  TRANSFER  FUNCTION  CRITERION 
(Criterion  1)  Is  the  Independent 
specification  of  tha  combination  of  u  and 

9 

n  on  the  one  hand  and  {  on  the  other 
°e  0 

hand.  Part  of  the  problem  Is  the 
detrimental  effect  of  combined  values  of 
two  parameters,  both  approaching  their 
Individual  limit  values.  MLR  developed  a 
criterion  aimed  at  expressing  the  combined 
effects  of  u  ,  n  and  c  on  the  time 
<1  o,  9 

response  (Ref.  1;  p.  112-114).  A  rise-time 
parameter  was  defined  to  this  end: 

Rise  time,  the  time  required, 

following  the  Initiation  of  a  step-type 
manipulator  input,  for  the  pitch  rate 
to  reach  90  percent  of  the  quasl-steady- 
etate  value. 

A  second  para* ter,  settling  time,  to 
guard  against  a  too  low  damping  of  the 
"short-term"  response  has  been  defined  as 
well: 
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Settling  time ,  the  time 

required,  following  the  Initiation  of  a 
step-type  manipulator  input,  for  the 
pitch  rate  to  enter  and  remain  within  a 
band  from  90  percent  to  110  percent  of  the 
quaal-steady-state  value. 

Criterion 

Rise  time  <TrUe)  and  Settling  time 
^settl*^  tf>*  pitch  rate  response 
following  a  step-type  manipulator  input, 
as  defined  In  figure  4.6,  shall  not  exceed 
the  following  lladts: 


1(e) 


ri(.  4.6  Definition  of  T  end  T  ^  , 
rise  nettle 

Remarks 

It  Is  concluded  that  the  differences 
between  the  criterion  under  discussion  and 
the  SPACE  SHUTTLE  ORBITER  CRITERION 
(Criterion  4)  are  reasonably  small. 


Discussion 

Besides  a  maximum  rise  time,  a  maximum 
for  a  time  delay  as  part  of  the  rise  time 
should  be  defined  as  well.  It  Is  expected 
that  the  limit  value  of  such  a  time  delay 
could  be  at  least  0.25  s. 


5.  CRITERIA  EXPRESSED  IN  THE  DYNAMIC 
CHARACTERISTICS  OF  THE  PILOT/AIRCRAFT 
SYSTEM 

5.1  General 

In  Chapter  4,  six  criteria  have  been 
Introduced  which  are  beeed  on  the  use  of 
the  description  of  the  dynamic 
characteristics  of  the  aircraft  only.  In 
the  present  chapter  two  additional 
criteria  will  be  Introduced  which  are 
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baaed  on  the  resulta  of  calculation* 
concerning  the  pllot/alrcraft  closed-loop 
control  atructure.  They  require 
mathematical  nodela  of  the  aircraft  aa 
well  aa  of  the  pilot. 

It  la  poatulated  that  in  the  final 
phaae  of  the  landing  flare  the  pilot 
control  behaviour  la  characterized  by 
(contlnuoua)  compensatory  error-reduction 
operation. 

5.2  Criteria 


droop  and  (oloeed-loop)  resonance.  The 
pilot  model.  B  ,  in  this  structure  is  tht 
P 

model  discussed  in  Section  3.3. 

A  measure  to  describe  pilot 
compensation ,  .  to  be  used  as  a 

criterion  la: 


/  J“  +  1/tl  ^ 

^pc  “  M  ju  +  1/t  ) 

1  “BW-e 


(s.n 


7  NLR-MODIFIED  NEAL- SMITH  CRITERION 
Introduction 

For  ths  final  approach  and  landing 
L  flight  phases  of  the  Mission  of  a 

transport  aircraft*  acceptable  dynamic 
characteristics  of  the  pllot/alrcraft 
closed-loop  system  for  pitch-angle  control 
are  required. 

In  the  development  of  the  NLR-MODIFIED 
NEAL-SMITH  CRITERION  for  large  transport 
aircraft,  the  concept  of  the  Nsal-Smith 
criterion  for  fighter  aircraft 

I  (Ref 8.  29-32)  has  been  used  {Ref.  1; 

p.  117-122).  In  that  criterion  the 
acceptability  of  the  characteristics 
concerning  pitch-angle  control  is  linked 
to  pilot  compensation  required  and 
closed-loop  resonance  occurring  when  some 
standard  of  performance  Is  to  be  obtained. 

The  standard  of  performance  can  be 
expressed  in  maximum  permissible  droop  and 

minimum  required  bandwidth*  w_t,  .. 

BVf— o 

Figure  S.l  shows  the  atructure  of  the 
pitch-angle  control  loop  as  well  as  a 
definition  of  the  performance  parameters 


±  V* 


PITCH  ANGLE  CONTROL  LOOP  STRUCTURE 


|  PERFORMANCE  PARARKTERs] 


Pig.  S.l  Pitch-engle  control  loop  structure  end 
performance  parameters. 


Criterion 

For  configurations  not  leading  to 
closed-loop  resonance*  the  pilot  com¬ 
pensation*  a_  ,  shall  not  exceed  the 
pc 

following  limit: 


41  <50  deg 


For  configurations  not  requiring 
appreciable  lead  or  lag  compensation  by 
the  pilot*  (|  \  <  25  deg,  the 

closed-loop  resonance*  0/0  ,  shall 

r  '  c'max 

not  exceed  the  following  limit: 


<  0  dB 


The  limits  mentioned  above  are  depicted 
in  figure  5.2. 


- RtVISCO  NEAl  -WITH  CRITERION  I0UNOARY 

—  UWT  V.LUf  03  TIN  010-.00.3KD  0301  -SOUTH 
CMTIKIOM 


-30.  Tp  03. 
-13,1,  01. 


rig.  5.2  NLR-Modl t led  Neal -S.l th  Criterion 

11. Its  in  the  | B/6  |  doaain. 

c  mmx  pc 

The  performance  standard  la: 

-  maximum  permissible  droop:  -  3  dB 

-  minimum  required  bandindth,  w  :  1.2 

rad/a  *  BW"9 

As  an  Integral  part  of  this  criterion, 
the  resonance  has  to  ba  calculated  also 
for  assumed  values  for  minimum  required 
bandindth,  that  are  lower  and 

higher  than  the  value  of  1.2  rad/s  assumed 
here  (e.g.  1.1  and  1.4  rad/a).  An  apprecia¬ 
ble  variation  In  resonance  is  considered 
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to  be  an  Indication  that  tha  dynamic 
charactarlatlca  of  tha  pllot/aircraft 
closed-loop  systea  for  tha  particular 
configuration  ara  strongly  dapandcnt  on 
piloting  tachnlqua.  This  nay  Indicate  that 
handling  qualities  problems  nay  ba  present 
and  that  application  of  tha  criterion 
night  vary  well  give  unreliable  results. 

Remarks 

For  a  detailed  discussion  of  tha 
development  of  tha  criterion  tha  reader  la 
referred  to  reference  1  {kef.  1; 
p.  117-122).  The  pilot  tine  delay  (0.3  s) 
In  the  pilot  model,  H  ,  haa  been  selected 
P 

on  the  basis  of  a  ground-based  and  In¬ 
flight  validation  of  a  modal  for  the 
control  behaviour  of  the  pilot  during  the 
execution  of  a  pitch-angle  tracking  task 
with  a  simulated  transport  aircraft 
(Ref.  33). 


Discussion 

The  experimental  data  base  la  limited. 
More  experimental  data  are  needed  to  cover 

the  1 9/6  I  -  a  domain  over  a  wider 
_  '  c  max  ""pc 


8  NLR  PRECISION  FLIGHT-PATH  CONTROL 

CRITERION 

Introduction 

Acceptable  characteristics  of  the 
pilot/aircraft  closed-loop  system  for 
pitch-angle  control  are  a  necessary  but 
not  sufficient  condition  to  perform  the 
final  approach  and  landing  task  In  the 
proper  fashion.  Besides  acceptable 
characteristics  concerning  pitch-angle 
control,  acceptable  characteristics  of  the 
pllot/aircraft  closed-loop  system  for 
flight-path  control  should  exist  as  well. 
Two  factors  ara  mentioned  which  are 
related  to  flight-path  control. 

Aircraft  with  shortcomings  with  respect 
to  flight-path  control  (aircraft  with  a 

"too  low"  n  ;  boundary-value  estimated 
a 

between  4.7  end  3.4  g/rad.  Ref.  34)  can  be 
Improved  by  naans  of  a  manoeuvre 
enhancement  system.  Such  a  system  may  be 
based  on  "direct-lift”  aerodynamic  control 
surfaces  on  the  wing. 

The  Introduction  of  controllable 
canards  (as  part  of  the  pitch-angle  con¬ 
trol  system)  la  contemplated  In  some 
design  studies. 

In  both  cases  the  character  of  the 
normal  acceleration  response  to 
manipulator  Inputs  will  ba  different  from 
the  character  of  the  response  for  aircraft 
types  presently  In  operation. 

A  criterion  has  been  developed  by  NLR 
in  which  the  acceptability  of  the  charac¬ 
teristics  concerning  flight-path  control 
is  linked  to  the  calculated  bandwidth 
(evaluation  measure)  of  the  flight-path 
control  loop,  determined  on  the  basis  of  a 
series-closure  control  structure  at 
depicted  in  figure  3.3.  In  order  to 


perform  the  outer-loop  (flight-path 
control  loop)  closure,  use  Is  made  of  the 
pilot  compensation  for  the  Inner  loop  as 
obtained  from  the  procedure  which  Is  part 
of  the  NLR  MODIFIED  NEAL -SMITH  CRITERION 
(Criterion  7  In  this  text). 


FiS-  5.3  Closed-loop  pllot/eircraft  system  tor 
precision  fUgSt-peth  control. 


Criterion 

The  bandwidth  of  the  pllot/aircraft 

systea  for  flight-path  control,  u_„  .  , 

Bw-lJ 

shall  be  governed  by  the  following  limit: 


>  0.5  rad/s  (Fig.  5.4) 


The  evaluation  measure  u  Is 

determined  as  follows:  ~h 

-  Apply  the  procedure  of  the  NLR-MODIFIED 
NEAL-SMITH  CRITERION. 

-  Use  the  outcome  (  pilot  gain  and  pilot 
compensation  )  to  formulate  the  open- 
loop  transfer  function  of  the  pilot/- 
alrcraft  system  for  flight-path  control. 

-  Determine  the  pilot  gain  for  the  outer- 
loop  closure  on  the  basis  of  a  phase 
margin  of  30  deg,  and  calculate  the 
closed-loop  frequency  response. 

-  Determine  the  bandwidth  of  the  pilot /- 

alrcraft  systea  for  flight-path  con¬ 
trol,  froB  the  closed-loop 

frequency  response. 


Flf.  5. d  I'Ll  Precision  rilght-Psth  Control 
Criterion  Unit  in  tbo^_  k/hc  -  u 
d osain. 
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Remarks 

Mo  apace  la  available  hara  for  a 
detailed  dlacuaalon  of  the  development  of 
the  criterion  (Ref.  1,  p.  122-126). 

Dlacuaalon 

The  criterion  presented  above  requires 
a  alniauie  value  of  In-flight 

experlaents  related  to  aircraft  vlth 
manoeuvre  enhancement  or  controlled 
canards  configurations  have  Indicated  that 
too  nuch  Initial  normal  acceleration  at 
the  pilot  station  following  step-type 
Manipulator  Inputs  has  a  degrading  effect 
on  pilot  opinion  (Ref.  35).  Two  factors 
are  of  particular  relevance  here: 

1)  The  level  of  Initial  nornal 
acceleration  nay  be  so  high  that  the 
pilot  considers  the  notion  disturbing. 

2)  A  high  bandwidth  for  the  flight-path 

control  loop,  reduces  the 

separation  between  “gH_h  and  “By_g* 

One  way  of  reducing  the  above  observed 
negative  factors  is  to  put  an  upper  limit 
on  as  well;  or  In  other  words,  to 

ninlnlze  the  ratio  of  ./in...  .  .  Further 
BW-0  BW-h 

research  is  needed  to  substantiate  this 
suggestion.  High  fidelity  notion  cueing 
during  ln-fllght  and  ground-based 
simulations  Is  a  prerequisite  for 
meaningful  experlnental  results  In  this 
area  (Ref.  1;  p.  92) 


6.  CONCLUDING  REMARKS 

The  main  purpose  of  this  paper  is  to 
serve  as  an  Introduction  to  the  low-speed 
longitudinal  handling  qualities  of  modern 
transport  aircraft  equipped  with  fly-by¬ 
wire  (closed-loop)  flight  control  systems. 

There  are  many  criteria  that  supposedly 
can  predict  handling  qualities.  It  Is 
emphasized  that  one  cannot  use  a  single 
criterion  to  determine  the  distinction 
between  clearly-adequate  (Level  1)  and 
adequate  (Level  2)  handling  qualities  - 
Engineering  judgement  Is  required  in  the 
selection  and  application  of  the  criteria. 
For  systems  based  on  pitch-angle  control 
the  following  observations  based  on 
experience  at  the  National  Aerospace 
Laboratory  NLR  can  be  made. 

The  NLR  RISE-TIME-AND-SETTLING-TIME 
CRITERION  (Criterion  6)  is  recommended  to 
predict/evaluate  in  ~  particular  the 
handling  qualities  that  are  of  Importance 
In  the  final  approach  and  in  the  take-off. 
It  has  the  advantage  of  simplicity  of 
application  and  it  retains  its  validity  in 
cases  where  the  pilot  uses  an  intermittent 
control  behaviour.  Pitch-rate  overshoot  Is 
however  not  limited  by  this  criterion. 
Ron-adequate  system  behaviour  in  this 
respect  is  strongly  related  to  the 
"dropback"  phenomenon  after  a  block-type 
manipulator  Input.  Therefore,  in  addition, 
the  application  of  the  NLR-MODIFIED  GIBSON 


CRITERION  (Criterion  5)  Is  recommended . 

It  Is  postulated  that  even  for  future 
fly-by- wire  transport  aircraft  the  control 
behaviour  of  tha  pilot  during  the  landing 
(flare  and  touchdown)  Is  characterized  as 
a  (high  gain)  compensatory  arror-reductlon 
operation.  The  NLR-MODIFIED  NEAL-SMITH 
CRITERION  (Criterion  2)  1*  considered  the 
best  evaluation  tool  here.  In  order  to 
judge  the  handling  qualities  more 
completely,  the  application  of  the  NLR 
PRECISION  FLIGHT-PATH  CONTROL  CRITERION 
(Criterion  8)  also  Is  recommended. 

These  recommendations  remain  valid  for 
future  systems  based  on  flight-path  angle 
control,  because  strong  Indications  exist 
that  below  a  certain  height  above  the 
runway  these  systems  will  be  reconfigured 
to  systems  based  on  pitch  angle  control. 
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ADVANCES  IB  FLY  IK  QUALITIES 

Concept*  and  Criteria  for  a  Mission  Oriented  Flying  Qnalitlea  Specification 

Roger  H.  Koh 

Principal  Research  engineer 
Systems  Technology  Inc. 

Hawthorne,  California  USA 


SUMMARY 

There  has  been  considerable  activity  during  the  past  8  years  to  upgrade  the  military 
flying  qualities  specifications  for  conventional  aircraft,  as  well  as  for  V/STOLs  and 
helicopters.  The  prinary  objectives  of  these  upgrades  has  been  to  account  for  the  use 
of  high  gain,  high  authority  augmentation,  and  to  more  directly  reflect  the  requirements 
of  the  intended  missions  Into  the  specifications.  The  methodologies  developed  to  accom¬ 
plish  the  latter  objective  is  summarized  In  the  first  part  of  this  lecture.  This  is 
followed  by  a  brief  overview  of  the  Lower  Order  Equivalent  Systems  and  Bandwidth  cri¬ 
teria.  Problems  with  the  specification  of  control  sensitivity,  and  potential  solutions 
are  then  discussed,  followed  by  a  brief  presentation  of  the  use  of  time  vs  frequency 
domain  criteria.  An  empirical  method  to  combine  the  Cooper-Harper  Handling  Qualities 
Ratings  ( HQRs )  from  each  axis  of  control  into  an  overall  rating  is  then  presented. 
Plnally  a  proposed  specification  for  precision  flare  and  landing  is  given,  followed  by 
an  example  application  of  the  method. 

ELEMENTS  OF  A  MISSION  ORIENTED  FLYING  QUALITIES  SPECIFICATION 

There  are  military  flying  qualities  specifications  for  three  types  of  aircraft  in 
the  United  States.  Plying  qualities  of  conventional  aircraft  are  covered  by  M11-F-8785C 
(Ref.  1),  a  proposed  revision  some  years  ago  (Ref.  2)  and  following  an  extended  review 
cycle,  the  Mil-Std-1797  (USAF)  (Ref.  3).  The  Mil-Std-1797  (USAF)  specification  is  dis¬ 
cussed  in  some  detail  by  Mr.  Woodcock  in  this  lecture  series.  VSTOL  aircraft  handling 
is  specified  in  Mil-F-83300  (Ref.  4).  A  complete  revision  of  this  specification  was 

proposed  in  1984  (Ref.  5),  but  there  has  been  little  activity  since  that  time  except  for 

some  Isolated  Industry  and  government  review.  Finally,  rotorcraft  handling  qualities 
are  specified  in  M11-H-8501A.  The  U.S  Army  has  been  supporting  a  much  needed  major 
revision  effort  to  this  specification,  including  several  in-flight  and  ground-based  sim¬ 
ulation  programs,  since  1982,  and  a  final  proposed  version  is  currently  in  publications. 
(Ref.  6  or  see  Ref.  7  for  an  overview).  It  represents  the  most  advanced  thinking  in  the 
area  of  mission  oriented  specifications  by  virtue  of  the  fact  that  it  was  the  last  spe¬ 
cification  to  be  revised,  and  was  able  to  build  on  the  groundwork  established  by  pre¬ 

vious  spec  revision  efforts  (e.g.,  Refs.  2  and  5).  All  of  the  concepts  discussed  herein 
are  contained  in  the  new  helicopter  specification,  some  are  Included  in  the  proposed 
VSTOL  spec,  and  only  a  few  are  in  the  Mil-Std-1797  (USAF)  since  the  original  draft  of 
that  document  was  completed  in  1982,  and  application  of  a  number  of  these  concepts  to 
fixed  wing  aircraft  has  not  yet  been  pursued. 

With  that  background,  we  shall  briefly  consider  the  elements  of  a  mission  oriented 
flying  qualities  specification,  as  we  see  them  today,  using  the  proposed  rotorcraft  spec 
("update  8501”)  as  a  model.  A  schematic  diagram  of  the  specification  is  given  in 
Fig.  1,  taken  from  Ref.  7.  Here  it  can  be  seen  that  new  terminology  has  been  has  been 
added  to  the  "specification  jargon."  These  new  terms  are  discussed  below. 

a  Mlaalon-Task-Elenent  (MTE)  —  All  of  the  proposed  missions  are  subdivided  into 
specific  handling  qualities  tasks.  This  allows  requirements  to  be  written  in 
terms  of  the  task  that  must  be  accomplished. 

a  ^e_S£oja£e-Tjrp^  —  The  response  of  highly  augmented  airplanes  depends  on  the 
nature~of  tne  feedbacks  and  feedforwards  used  in  the  stability  command  augmenta¬ 
tion  system  (SCAS).  For  example  some  common  Response-Types  are  Attitude- 
Command-Att itude-Hold  (ACAH),  and  Rate-Comaand-Attltude-Hold  (RCAH),  Rate  aug¬ 
mentation,  etc. 

•  Divided  Attention  Operations  —  The  required  stabilization  for  an  acceptable 

level  of  workload  Increases  as  the  pilot  is  tasked  with  additional  nonflying 
duties.  The  mission  oriented  flying  qualities  specification,  update  8501, 
accounts  for  this  by  requiring  increased  mid-term  stability. 

•  Uaafcil^^ Cue_ _^ni^ro^nMji^_(UCjO_  —  The  required  stabilization  for  an  acceptable 

level  of  workload  increases  as  the  pilots  usable  cue  environment  (UCE)  is 

degraded.  The  UCE  consists  of  the  outside  world  plus  cockpit  displays  and  or 
vision  aids.  A  methodology  has  been  developed  to  account  for  this  in  update 
8501  via  the  scales  shown  in  Fig.  2.  The  VCR  scale  allows  the  pilot  to  rate  the 
visual  environment,  while  the  UCE  values  determine  the  appropriate  Response- 
Type,  or  in  some  cases,  define  a  need  for  a  different  level  of  dynamics  within  a 
Response-Type  category  (see  Refs.  8  or  9  for  details). 

An  example  of  how  the  proper  Response-Type  is  defined  in  terms  of  the  task  (Mission- 
Task-Element ) ,  and  the  visual  cues  Including  displays  (Usable  Cue  Environment)  is  given 
in  Table  1,  taken  from  the  proposed  8501  update.  This  table  incorporates  an  important 
concept  that  la  frequently  overlooked;  every  task  (MTE),  has  a  Response-Type  that  is 

most  compatible  to  the  human  pilot.  Conversely,  there  are  MTBs  and  Response-Types  that 
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Figure  1.  Schematic  Diagram  for  Updace  8501 
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it  lone  of  Cues 


X  Cues: 

X  Cues: 

X  Cues: 


X  •  Pitch  or  roll  attitude  and  lateral  longitudinal, 
or  vertical  t tansiat ional  rate. 

Can  aake  aggressive  and  precise  X  corrections  with 
confidence  and  precision  Is  good. 

Can  make  only  noderate  X  corrections  with  confidence 
and  precision  is  only  fair. 

Only  saall  and  gentle  corrections  in  X  are  possible, 
and  consistent  precision  Is  not  attainable. 


2a.  Visual  Cue  Rating  (VCR)  Scale  to  be  Used  When  Making  UCE  Determinations 
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«*ur.  2b.  Definition  of  Usable  Cue  Environments 
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TAK.E  1.  REQUIRED  RESPONSE-TYPE  POt  HOVEI  AND  LON  SPEED  —  HEAR  EARTH 


BCK-l 

DCE-2 

OCE-3 

LEVEL  1 

LEVEL  2 

LEVEL  1 

LEVEL  2 

LEVEL  1 

LEVEL  2  j 

Stationary  HTEs 

precision  hover  (4.1.1,  4.1.2.)* 
suspended  load  pickup  and  delivery 
rapid  vertical  landing  (4.1.5) 
shipboard  landing 

HAST  recovery 
vertical  takeoff 
slope  landing  (4.1.6) 
rapid  hovering  turn 
sonar  dunking 

Ra 

te 

_ 

Ra 

te 

ACAH 

4 

¥  RCDH 
CHH 

' _ 

Rate 

R(3)H 

IA 

ACAH 

4  R 

RCDH 

CHH 

bob  up/down  (4.2.3) 

■ 

■ 

1 

1 

aCAH  4  Ram 
4  PH  4  RCHH 

Rate 

4  RCRI 

RCDH 

4  PH 

hovering  tasks 

involving  divided  atten|£on 
operation  (see  1.4.5.2) 

i 

i 

ACAH  4  RCDH 
4  PH  4  RCHH 

_ 

■ 

1 

1 

■ 

■ 

Translating  HTEs 

nine  sweeping 

ACAH  4  RCDH 

1 

1 

1 

1 

1 

1 
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■ 

approach  to  hover 
shipboard  stationkeeping 

target  acquisition  and 
tracking 
assault  landing 
evasive  action 
lateral  sidestep  (4.2.2) 
rapid  accel/decel  (4.2.1) 
slaloa  (4.2.5) 
dolphin  (4.2.4) 

Ra 

te 

1 

1 

1 

1 

*faabera  in  paranthasea  rafar  to  aiMimn  In  Section  4  which  represent 
a  flight  teat  version  of  these  Mlaolon-Eleacnto 

important  consideration  for  single  pilot 
Motes;  Definitions: 


A  requlreaent  for  RCHH  aey  be  deleted  If  the 
vertical  translation  cue  rating  la  2  or  better, 
and  divided  attention  operation  Is  not  required. 

Rate 

-> 

Rate  or  Rate  Conan nd  Attitude  Hoi 
(RCAH)  Response-type  (Paragraph 
3.2.5,  3.2.6,  and  3.2.8). 

Turn  Coordination  (TC)  Is  always  required  as  an 
available  Response-Type  for  the  slaloa  HTE  in 
the  Low  Speed  flight  range  as  defined  In  Paragraph 

TC 

-> 

Turn  Coordination 
(Paragraph  3.2.10. 1). 

1. 4.6.2.  However,  TC  la  not  required  at  airspeeds 
less  than  15  knots. 

ACAH 

-> 

Attitude  Coaaand  Attitude  Hold 
Response-type  (Paragraph  3.2.7). 

A  specified  Response-Type  asy  be  replaced  with  a 
higher  level  of  stabilisation  providing  that  the 
aoderate  and  large  aaplltude  aaneuverlng  require¬ 
ments  aey  still  be  aet. 

RCHH 

-> 

Vertical  Rate  Coaaand  with 
Altitude  (Height)  Hold  Response- 
type  (Paragraph  3.2.8. 1). 

The  rank-ordering  of  Combinations  of  Response-types 
froa  least  to  aost  stabilisation  is  defined  as:. 

PR 

-> 

Position  Hold  Response-Type 
(Paragraph  3.3.11). 

1.  Rate 

2.  ACAH  4  RCDH 

3.  ACAH  4  RCDH  4  RCHH 

TRC 

-> 

Translational  Rets  Coaaand 

Re«I onse-typa  (Paragraph  3.2.8). 

A.  Rate  ♦  RCDH  4  RCRH  4  PH 

5.  ACAH  ♦  RCDH  ♦  RCRH  4  PH 

6.  TRC  4  RCDH  4  RCRH  4  PH 


5-4 


»r«  totally  lacoapatlbla.  Thvrvforv,  bafora  xpplvlnx  may  crltarlop.  tha  mar  aoa  t 
laaura  that  tha  Epppocpp-Tt p«  la  eoapatlbla  with  tha  t««k.  For  aaaaala.  TaVTa  1  akoaa 
that  tor  halleoptara  oparatiag  la  the  low  tpaed  and  hovar  flight  raglaa,  lncraaaad  ata- 
hillaatlon  la  aaeaaaaty  for  MTRx  that  ruquirc  divided  attention,  or  whan  tha  viaual  cuaa 
ara  dagradad  (UCE>1).  Such  a  table  doaa  not  axiat  for  the  Mil-Std-1797  (USAF),  hut 
raaearch  haa  ahown  that  cartain  haaponaa-Typaa  ara  naceaaary  for  conaiatant  perfornanca, 
aad  Level  t  pilot  ratinga  for  praclaioa  flare  and  landing  (See  left.  10  or  11).  Speci¬ 
fically  Kata  or  RCAH  teeponaa  Typea  require  cartain  epaclflc  flight  path  ebaracterla- 
tlca,  uhereae  an  Attitude  laaponaa-Type  virtually  guaraateea  good  pilot  ratinga  and  per- 
foraanca  for  flare  and  landing.  Thla  la  dlacuaaed  in  greater  detail  later  In  the 
lecture. 


Another  laportant  faatura  of  tha  alaalon  oriented  apacif lcatton  la  that  tha  require- 
aanta  on  attitude  control  are  a  function  of  the  anplltude  required  hy  tha  tank,  e.g., 
preclalon  doled  loop  tracking,  purauit  tracking,  and  full-control  open  loop  aaneuvara. 
Three  aaparata  criteria  ara  provided  in  update  8501  -  eaall  anplltude,  nodarate  aapll- 
tude,  and  large  aaplltuda  attitude  changea.  Thia  ia  dlacuaaed  further  under  the  Band- 
vldth  criterion  praaented  in  tha  next  aaction. 

•IfCDfBIOB  OP  CtITItlOl  PAIANITIIS 


The  following  dlacuaalon  la  intended  to  highlight  cartain  faaturaa  of  the  flying 
qualifier  criteria  aoat  coaaonly  utlllaed  in  tha  apacif lcationa  dlacuaaed  above,  lower 
Order  Equivalent  Syateaa,  and  Bandwidth. 

Lower  Order  Eqaiva laat  gyateaa 

Lower  order  equivalent  eyateaa  were  developed  aa  a  aethodology  in  the  early  1870a  ae 
part  of  a  flying  qualltlea  aaauranca  prograa  in  aupport  of  the  F-1A,  prior  to  flret 
flight.  Thla  aethodology  wan  refined  to  the  point  where  it  could  he  utlllred  ee  a  fly¬ 
ing  qualltlea  criterion  in  Ref  2. 


1.  Brief  Overview  of  Lower  Order  Equivalent  Syateaa 


Conceptually,  the  LOES  aethod  aneuaea  that  a  highly  augaented  airplane  will  have  an 
attitude  and  flight  path  reaponee  to  control  that  looka  like  a  conventional  unaugaented 
airplane,  even  chough  the  characterletlc  equation  of  a  highly  augaented  aircraft 
typically  includea  aa  aany  aa  55  aeparate  aodae.  Moat  of  theae  aodee  are  at  high 
frequency,  end  reeult  froa  tha  neceaaary  filtering  that  goaa  with  high  gain  high  author¬ 
ity  augaentatlon.  If  theae  aodee  caaae  Che  reaponee  to  look  nonconventlonal ,  the  theory 
goee,  the  pllota  will  not  like  It,  and  tha  natch  between  the  aeeuaed  conventional  fora 
and  the  actual  reeponae  will  he  poor.  An  ohvloue  choice  for  e  lower  order  fora  to 
repreaenc  a  conventional  unaugaented  airplane  la  the  ehort  period  approxlaatlon  with  the 
addition  of  a  tine  delay  to  account  for  the  high  frequency  lage  noted  above. 


_e 

«e 


•f»2  ♦  2Cap«%p»  ♦  “a^ 


(1) 


Given  a  higher  order  aircraft,  four  paraaetera  are  evallable  to  accoaplleh  the  aetch 
°*ap»  lap*  *n^  T*  n*tch  la  accoapllehed  ualng  a  eteepeat  deacent  aethod  known 
aa  the  Roaenbrhck  aearch  routine  which  alnlalree  the  difference  between  gain  and  phaae 
of  the  higher  and  lower  order  ayatena  (AG  and  A*  reepect lvely ) .  The  aatch  la  accon- 
pllahed  at  20  frequenciee  between  0.10  and  10. 0  rad/eec  and,  the  following  function  la 
alnlalsed. 


M  -  I  (  AG)  2  ♦  E(  A#)2 


(2) 


The  reaultlng  "equivalent"  valuea  of  the  four  paraaetere  of  the  abort  period  epprox- 
laatlon  are  uaed  for  plotting  on  the  exlatlng  CAP  boundariea  (Fig.  J),  noting  that 
l^T0o  *  8/®p  h/n.  Hence  the  databeae  and  criterion  boundariea  generated  for 
conventional  unaugnented  airplanes  Is  preserved. 

the  boundaries  In  Pig.  3  are  generally  referred  to  r s  the  control  anticipation 
paraaeter  (CAP)  which  has  several  physical  interpretations.  These  are  suaaarlced  in 
Pig.  4.  Note  that  these  interpretations  all  involve  the  relationship  between  an  air¬ 
craft  pitch  attitude  change  and  the  resulting  flight  path  change  (noraal  load  factor). 
In  fact,  CAP  is  shown  to  be  proportional  to  the  aaneuver  aargln,  and  to  stick  force  per 
g  for  a  conventional  unaugaented  aircraft  (see  Pig.  4).  Therefore  it  is  necessary  to 
prcurve  the  relationship  between  pitch  and  flight  path  in  the  equivalent  systea  aatch. 


This  is  accomplished  io  ths  Mll-8td-l797  (USA? )  by  requiring  s  simultaneous  match  of 
pitch  attitude  and  normal  acceleration  as  follows* 


*1  (t  *  l/T,2)  .*M 
•J  ♦  2t«p«%p»  ♦  “«p 


where  nj  refers  to  the  normal  acceleration  at  the  instantaneous  center  of  rotation  (at 
xcr  *  ZS  /Hj  )•  The  instantaneous  center  of  rotation  is  picked  as  the  reference  point 
because  \heA  nx  is  unaffected  by  the  location  of  the  control  surfaces,  so  that  the 
relationship  between  flight  path  and  attitude  is  very  closely  approximated  by,1 


The  simultaneous  matching  defined  by  equations  3  and  4  will  Insure  that  I/Tq.  *111 
not  "gallop**  to  unreasonably  large  values  during  the  fitting  process,  since  it  insures 
that  Eq.  5  must  remain  satisfied*  It  la  incorrect  to  use  a  value  of  1/T$2  obtained  from 
a  match  using  only  Kq.  3  (i.e*,  nonslmultaneoua  match)  with  1/Te.  allowed  to  be  free. 
Such  a  value  of  1/T8  resulta  in  a  value  of  n/n  which  assumes  thatr  CAP  is  based  only  on 
attitude,  and  that  night  path  (normal  load  factor)  is  not  a  consideration*  This  is 
simply  not  correct  (see  Pig*  4).  This  point  la  emphasised  because  many  researchers  con¬ 
tinue  to  allow  1/Tg  to  be  free,  or  attempt  interpretations  with  1/Tg.  fixed  and  with  it 
free*  Note  that  /  simultaneous  match  as  required  by  the  Mil-Std-1 797  (USAF)  always 
yields  the  asms  value  of  I/Tq.  as  would  be  obtained  with  a  match  of  Eq.  3  alone  with 
l/Tg.  fixed.2  So,  why  add  the  seemingly  unnecessary  complexity  of  a  simultaneous  match¬ 
ing  procedure  in  the  spec?  It  was  done  because  it  was  not  possible  to  convince  all  of 
the  specification  reviewers  that  a  natch  with  l/T8  fixed  was  the  correct  alternative. 
It  was  Impossible  however,  to  argue  against  the  necessity  to  preserve  the  integrity  of 
the  attitude  and  flight  path  responses  in  the  fitting  process. 

Prom  the  above  discussion,  the  evolution  of  the  LOES  is  seen  to  be  firmly  based  on 
the  concept  that  the  augmented  airplane  attitude  and  flight  path  responses  will  have  the 
fundamental  characteristics  of  a  conventional  unaugmented  airplane.  Such  characteris¬ 
tics  are  formalised  in  terms  of  a  "Response-Type,"  and  are  more  precisely  defined,  later 
in  this  lecture  (see  Pig*  20). 

2.  Some  Limitations  on  the  Use  of  Lower  Order  Equivalent  Systems 

In  the  process  of  developing  the  background  and  information  users  guide  for  the  new 
Hil-Std-1797  (USAP)  (see  Ref*  2),  it  was  noted  that  many  of  the  cases  from  the  Ref*  12 
experiment  (commonly  referred  to  as  the  "Neal-Smlth  data")  did  not  fit  the  CAP  bound¬ 
aries  developed  for  conventional  airplanes*  These  cases  are  shown  in  Fig*  5  as  filled 
data  points,  and  are  seen  to  exhibit  consistent  Level  2  pilot  ratings  in  the  Level  1 
region3  (defined  by  the  existing  M11-P-878SC  boundaries).  Some  researchers  Interpreted 
this  result  as  a  need  for  increased  damping  for  augmented  aircraft.  Physically,  this 
did  not  make  sense  since  the  augmentation  should  be  transparent  to  the  pilot.  An  inves¬ 
tigation  of  these  cases  revealed  that  they  all  had  an  unusual  "hump"  in  the  frequency 
response  as  shown  in  Pig*  6*  This  hump  constitutes  higher  order  dynamics  in  the  region 


1This  definition  removes  the  pilot  location  as  a  factor  in  the  normal  acceleration 
response*  It  may  be  argued  that  the  effect  of  pilot  location  should  be  Included.  How¬ 
ever,  the  data  supporting  the  CAP  boundaries  do  not  include  pilot  location  effects,  and 
it  would  not  be  appropriate  to  assume  that  such  effects  would  be  properly  accounted  for 
by  simply  calculating  the  pilot  station  acceleration  in  the  matching  process*  The  data 
currently  available  on  pilot  location  effects  are  sketchy*  It  is  known  that  locating 
the  pilot  far  aft  of  the  instantaneous  center  of  rotation  (HR)  1s  undesirable,  because 
of  the  non-minimum  phase  flight  path  response  that  results  (i.e.,  an  initial  reversal). 
Conversely,  locating  the  pilot  forward  of  the  ICR  is  quite  desirable  as  shown  later  in 
Pig*  23b* 

21/T  will  vary  slightly  (not  "gallop")  from  its  fixed  value  during  a  simultaneous 
match  if  there  are  higher  order  dynamics  in  the  region  between  1/T  andwg  .  However, 
It  will  be  Illustrated  later  in  this  lecture,  that  the  LOES  method  is  not  valid  In  such 
casea,  because  it  is  based  on  the  classical  airplane  data  used  to  develop  the  CAP 
boundaries* 

3The  GAP  boundaries  have  been  presented  in  a  different  format  than  Pig.  3  to  allow 
inclusion  of  the  damping  ratio  limits  on  the  aame  plot* 
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6.4.5 

in  the  region  of  piloted  crossover  (generally  between  1/T0.  and  <«fep)*  which  Is  theore¬ 
tically  not  allowable  when  using  LOES  to  plot  data  on  the  conventional  airplane  CAP 
boundaries.  A  review  of  the  data  Indicated  that  the  pilot  cossentary  all  centered  about 
excessive  abruptness.  The  Lower  order  equivalent  systea  watching  routine  has  no  way  to 
characterise  such  a  hunp,  except  to  lower  the  daaplng  ratio,  and  to  assign  positive 
values  of  tlae  delay  (which  la  of-course  absurd).  None  of  the  coaaentary  indicated  that 
low  daaplng  was  a  factor  In  the  Level  2  ratings.  These  results  support  the  theoretical 
notion  that  It  is  siaply  not  correct  to  use  LOES  when  there  are  higher  order  dynaalcs  in 
the  region  of  piloted  crossover. 


In  suaaary,  the  LOES  criterion  should  not  be  used  when: 

a  there  are  higher  order  dynaalcs  in  the  region  of  piloted  crossover  (approxl- 
aately  between  .7  and  A  rad/aec). 

•  the  pitch  attitude  and  flight  path  response  characteristics  are  nt  that  of  a 
conventional  airplane  (defined  later,  see  Fig.  20). 


Bandwidth  as  a  Criterion 


Bandwidth  la  a  tera  that  has  classically  been  used  to  describe  the  ability  of  an 
electrical  network,  or  a  servoaechanlsa  to  follow  a  range  of  Input  frequencies.  In  that 
context,  It  Is  defined  as  the  frequency  where  the  output  aagnltude  Is  3  dB  less  than  the 
Input  (ratio  of  0.707).  A  good  systea  will  have  a  high  Bandwidth,  and  a  poor  one  will 
have  a  low  Bandwidth  relative  to  the  aaxiaua  Input  frequency  that  It  is  designed  to 
follow.  In  aost  cases,  the  upper  bandwidth  Halt  is  set  by  systea  stability 
considerations. 

1.  Definition  of  the  Bandwidth  Frequency  as  a  Flying  Qualities  Criterion. 

The  developaent  of  the  Crossover  Model  by  Mckuer  and  Ashkenas  In  the  early  60s  was 
based  on  the  concept  that  the  huaan  pilot  can  be  treated  as  an  eleaent  of  a  closed  loop 
systea  for  coapensatory  tracking  tasks.  Experlaental  aeasureaents  have  verified  that 
concept,  and  this  was  discussed  earlier  In  this  lecture  series.  The  Bandwidth  criterion 
la  an  application  of  the  crossover  eodel  concept  (as  Is  the  Neal-Salth  criterion 
discussed  in  the  previous  lecture  by  Dr.  Noolj).  It  is  based  on  the  preaise  that  the 
aaxiaua  crossover  frequency  that  a  pure  gain  pilot  can  achieve,  without  threatening 
stability,  is  a  valid  f Igure-of -aerlt  of  the  controlled  eleaent  (i.e.,  slallar  to  a 
servoaechanlsa).  On  this  basis.  Bandwidth  is  defined  as  the  frequency  where  the  phase 
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Mr  gin  is  45  degrees,  or  the  gala  margin  i»  less  than  6  4ft  as  shown  la  Fig.  7  •  k  Tbs 
phaas  aargla  crltarloa  la  baaad  oa  pilot  describing  function  data  which  shows  that 
tracking  with  45  dsgrsss  of  phass  aargla  is  rsprssaatat lvs  of  full  attention,  but  lass 
than  maximum  effort.  A  gala  aargla  Halt  of  b  dft  was  sslsctsd  based  on  long  experience 
which  has  shown  that  a  lssssr  value  tends  to  result  la  a  F10  prone  aircraft. 

the  "bandwidth  hypothesis"  waa  verified  initially  for  the  wings-level-turu  aode  as 
previously  discussed  by  Hr.  Aahkeaas,  sad  In  no  re  detail  la  ftef.  13. 

2.  Definition  of  Phase  Delay 

Efforts  to  develop  bandwidth  as  a  generalised  criterion  for  highly  augaented  air¬ 
craft  showed  that  pilots  were  also  sensitive  to  the  shape  of  the  phase  curve  at  fre¬ 
quencies  beyond  the  bandwidth  frequency.  this  Is  defined  by  the  phase  delay  paraaeter 
In  Fig.  7.  Figure  8  illustrates  that  for  "large"  values  of  phase  delay,  the  phase  curve 
drops  off  sore  rapidly  than  for  "saall"  values.  Physically,  phase  delay  is  a  aeasure  of 
the  behavior  of  the  aircraft  as  the  pilot  increases  his  crossover  frequency,  i.e., 
"tightens  up"  beyond  the  bandwidth  frequency.  Large  values  of  phase  delay  aeans  that 
there  is  a  snail  nsrgln  {range  of  frequencies)  between  nornal  tracking  at  45  degrees  of 
phase  Mrgin.  and  instability.  The  inevitable  pilot  connentary  for  an  aircraft  with 
large  phase  delay  is  that  it  is  P10  prone. 

Phase  delay  (t«)  is  typically  (but  not  always)  close  to  the  equivalent  tine  delay 
(tc)  calculated  for  a  LOES.  However,  a  physically  satisfying  explanation  of  why  such 
snail  values  of  equivalent  tine  delay  resulted  in  large  pilot  rating  degradations 
(.05  sec  was  shown  to  be  roughly  equivalent  to  1  Cooper  Harper  pilot  rating  for  values 
greater  than  0.10)  was  not  available  until  developnsnt  of  the  bandwidth  criterion.  For 
exanple,  consider  the  two  cases  taken  fron  the  proposed  Mil-Std-1797  (USAF)  (Refs.  2  or 
3),  and  shown  in  Fig.  8.  These  configurations  both  have  essentially  the  sane  bandwidth 
(approxlnately  2.6  rad/sec),  but  one  has  significantly  higher  phase  delay  (.014  sec  vs 
•17  sec),  and  significantly  degraded  pilot  ratings  (average  rating  of  4.1  vs.  8).  It 
seens  intuitively  unlikely  that  this  drastic  degradation  in  pilot  rating  can  be  attri¬ 
buted  to  a  0.15  sec  shift  in  the  tine  response  or,  due  to  the  phase  shift  around  the 
crossover  frequency  which  is  seen  to  be  negligible  (Fig.  8).  However,  the  shape  of  the 
phase  curve  is  drastically  steeper  above  the  bandwidth  frequency,  a  factor  which  intui¬ 
tively  would  be  expected  to  lead  to  a  significant  difference  in  pilot  rating.  This  is 
the  only  factor  which  yields  a  plausible  explanation  of  the  strong  sensitivity  of  pilot 
rating  to  phase  delay  (and  similarly  equivalent  system  time  delay).  This  is  important 
because  it  reveals  the  fact  that  equivalent  system  time  delay  la  significant  only 
because  it  la  a  measure  of  the  shays  of  the  phase  curve  around  the  instability  fre¬ 
quency.  not,  because  of  the  transport  delay  properties  in  the  time  domain.  Paradoxi¬ 
cally,  criteria  which  measure  "time  delay"  in  the  time  domain,  such  as  that  shown  In 
Fig.  9,  taken  from  the  Mil-Std-1797  (USAF)  (Ref.  3),  are  of  questionable  validity.  That 
is,  the  measurement  of  a  transport  delay  resulting  fron  a  step  input  is  sensitive  to  all 
the  wrong  things,  e.g.,  minor  variations  in  the  shape  of  the  input,  initial  conditions 
etc.  Because  of  this,  such  measurements  may  not  be  an  accurate  representation  of  the 
shape  of  the  phase  curve,  which  is  the  root  cause  of  the  problem. 

3.  Effect  of  Task  and  Visual  Environment  on  the  Required  bandwidth 

The  Bandwidth  criterion  involves  two  parameters;  the  Bandwidth  frequency,  and  phase 
delay.  Here  it  is  applied  to  a  single  loop  (pitch,  roll  or  yaw)  tracking  task,  or  as 
the  inner  loop  to  a  multiple  loop  task.  Not  surprisingly  the  limits  depend  on  the  task 
(HTE),  the  visual  conditions  (UCE),  and  the  required  divided  attention.  This  is 
reflected  in  the  update  8501  specification  as  shown  in  Fig.  10.  Note  that  s  higher 
bandwidth  is  required  for  "target  acquisition  and  tracking"  than  other  NTEs •  Increased 
bandwidth  is  also  required  in  a  degraded  usable  cue  environment  (UCE>1),  and  for  divided 
attention  operations. 

As  discussed  above,  the  bandwidth  criterion  is  applicable  to  tasks  which  require 
closed  loop  compensatory  tracking.  Such  tracking  involves  small  amplitude  attitude 
changes.  If  the  task  requires  larger  attitude  changes,  the  pilot  gradually  transitions 
to  a  pursuit  mode.  In-flight  and  ground-based  simulation  data  has  shown  that  the 
requirement  for  bandwidth  decreases  as  the  amplitude  of  the  maneuver  increases  (see 
Ref.  8).  The  mission  oriented  flying  qualities  specification  should  account  for  this. 
An  example  of  how  this  is  done  in  the  update  8501  is  shown  in  Fig.  11.  The  parameter 
9pk/*9  19  9  measure  of  bandwidth,  and  is  obtained  by  rapidly  changing  aircraft  attitude, 
starting  and  ending  with  sero  angular  rate.  The  connection  between  qpk/ AO  <*gwA  !• 
derived  in  Ref.  8.  For  very  large  amplitude  attitude  changes,  the  pilot  operates  open 
loop  with  full  control  inputs.  Therefore,  the  applicable  criterion  is  maximum  achiev¬ 
able  angular  rates,  for  attitude  changes  larger  than  specified  in  Fig.  11. 

CO IDA 1C I  FOR  APPLICATION  OP  CftlTtllA 

before  making  correlations  or  evaluations  based  on  any  of  the  criteria  for  precision 
attitude  or  flight  path  control,  the  reader  is  cautioned  to  ask  the  following  questions. 


^bandwidth  is  capitalised  when  referring  to  this  specialised  definition  for  han¬ 
dling  qualities,  rather  than  the  more  general  definition  noted  above. 
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RISE  TIME  LIMITS 


Figure  9*  Criterion  Based  on  Pitch  Rate  Response  to  Step  Input  of 
Pitch  Controller  Force  or  Deflection  froa  Ref.  3 
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•  Has  the  control  sensitivity  been  optimised?  This  one  factor  has  been,  and  con¬ 
tinues  to  be  a  Major  source  of  confusion,  end  Misinterpretation  of  date.  Never 
conduct  a  handling  qualities  experiment,  or  use  data  fro*  an  experiment,  without 
proper  attention  to  control  sensitivity! 

•  Is  the  Response-Type  correct  for  the  task?  No  aaount  of  Bandwidth  (or  any  other 
metric)  will  allow  good  flying  qualities  if  the  character  of  the  response  is 
wrong.  Knowledge  In  this  area  la  sketchy,  but  certain  guidelines  are  available 
(see  for  example  Table  1  for  helicopters,  and  later  discussion  under  "Proposed 
Specification  for  Precision  Flare  and  Landings." 

•  Was/is  the  task  well  defined? 

COMTtOL  SKISITIYITT 

Specification  of  control  sensitivity  represents  a  prlaary  weakness  of  the  current 
Tequl resent s.  All  of  the  criteria  for  attitude  control  (Equivalent  Systems,  CAP,  Band¬ 
width  etc.)  do  not  include  the  effect  of  control  sensitivity,  assusing  that  It  is 
separately  optimised.  Its  laportance  Is  minimized  for  two  reasons,  1)  It  Is  assused 
that  the  control  gearing  can  be  easily  changed,  especially  with  fly-by-wlre  aircraft, 
and  2)  It  Is  a  function  of  the  task,  and  the  characteristic  dynaslcs  (equivalent  short 
period.  Bandwidth  etc.).  A  very  large  data-base  (read  expensive)  would  be  required  to 
forsulate  a  quantitative  control  sensitivity  specification,  especially  considering  that 
8ldestick,  centerstlck,  fixed,  and  aovlng  controllers  should  be  considered. 

Even  the  sost  experienced  and  perceptive  test  pilots  can  and  have  been  fooled  by 
varying  control  sensitivity.  Excessively  high  control  sensitivity  looks  like  low  damp- 
lng,  is  therefore  PIO  prone,  and  will  receive  consents  to  that  effect  (few,  if  any, 
pilots  will  isolate  the  problem  as  excessively  high  control  sensitivity).  Similarly, 
excessively  low  control  sensitivity  will  receive  coaaents  related  to  an  overly  sluggish 
response. 

The  control  sensitivity  should  logically  be  specified  over  the  band  of  frequencies 
where  the  pilot  Is  aost  sensitive  to  the  aircraft  response.  For  closed  loop  com¬ 
pensatory  tracking  tasks,  this  would,  by  definition,  be  the  region  of  piloted  crossover. 
Considerable  insight  into  this  region  can  be  gained  froa  the  envelopes  formulated  in 
Ref.  14,  and  shown  in  Fig.  12  (also  see  Ref.  2,  pg .  117).  These  envelopes  of  "maximum 
unnot lceable  added  dynamics"  were  derived  from  the  Ref.  12  data  by  noting  the  modifica¬ 
tions  to  the  baseline  conf igurat Ion  (variable  stability  NT-33)  that  resulted  In  a  1 
pilot  rating  change.  Pilots  are  seen  to  be  highly  sensitive  to  changes  in  the  dynamics 
between  0.8  and  5  radlans/sec  for  the  precision  pitch  attitude  tracking  task  of  Ref.  12. 
This  is  consistent  with  pilot  describing  function  data  (Ref.  15)  which  indicates  a  simi¬ 
lar  band  of  frequencies  to  define  the  region  of  piloted  crossover.  Since,  by  definl- 
tlon,  the  pilot  Is  operating  In  the  crossover  region.  It  is  the  gain  In  that  region  that 
sjiould  be  specified.  Unfortunately,  none  of  the  existing  handling  qualities  specifica¬ 
tions  include  such  a  requirement,  primarily  because  the  necessary  data  is  not  available. 

The  Mll-Std-1797  (USAF)  includes  the  product  of  the  stick  sensitivities  at  low  and 
high  frequencies  as  a  criterion. 


Fe/n  z  ss  measured  as  the  quasi-steady  stick  force  required  to  achieve  a  steady  load 
factor  (low  end  of  Fig.  13  envelope),  and  0O/Fe  is  defined  at  very  high  frequency  (high 
end  of  envelope).  Since  the  product  of  these  parameters  does  not  uniquely  specify  the 
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Figure  13.  Variation  In  Control  Sensitivity  for  Ref.  16  Configurations 


transfer  function  gain  In  the  region  of  piloted  crossover  (center  of  Fig.  13  envelope), 
It  is  not  judged  to  be  a  generally  valid  measure  of  sensitivity.  Proposed  Unit  values 
range  from  3.6  rad.s“2/g  in  Ref.  3,  to  0.45  rad.8“2/g  in  Ref.  16.  The  Ref.  3  value  is 
simply  the  upper  limit  of  the  CAP  boundary. 

Stick  force  per  g  is  an  important  cue  to  assist  pilots  from  Inadvertently  approach¬ 
ing  the  limit  load  factor.  If  a  handling  qualities  experiment  is  conducted  so  that  the 
stick  force  per  g  is  held  constant,  and  the  dynamics  are  varied,  it  is  possible  to 
achieve  a  wide  variation  in  gain  in  the  crossover  region.  In  such  cases,  it  is  diffi¬ 
cult  to  determine  if  the  pilot’s  rating  variations  are  due  to  the  gain  (control  sensi¬ 
tivity)  or  the  dynamics.  For  example,  in  the  Ref.  16  experiment,  stick  force  per  g  was 
held  constant,  while  the  dynamics  were  varied  as  shown  in  Fig.  13.  Note  that  the  magni¬ 
tude  of  the  Bode  plot  in  the  region  of  crossover  for  attitude  and  flight  path  control 
varies  dramatically  between  the  good  configuration  E5,  and  the  bad  configuration  FI 
(almost  a  factor  of  5).  Yet,  the  Bandwidth  values  of  these  configurations  are  quite 
similar,  and  fall  into  the  level  2  range  (consistent  with  the  flight  ratings  of  3/4/4, 
see  Fig.  14).  It  would  appear  that  Bandwidth  has  Inadequate  sensitivity  to  these  varia¬ 
tions,  considering  the  wide  differencein  pilot  ratings  and  small  change  in  Bandwidth 
(Fig.  14).  In  fact,  the  trend  is  even  in  the  wrong  direction  (increasing  Bandwidth 
yields  degraded  ratings).  However,  it  la  possible,  even  likely,  that  given  the  oppor¬ 
tunity  to  reduce  the  control  sensitivity  of  configurations  FI  and  F2,  the  pilots  would 
find  the  flying  qualities  similar  to  E5,  which  would  fall  in  line  with  the  other  experi¬ 
mental  data  for  approach  and  landing  (Ref.  17)  plotted  on  Fig.  14.  These  three  configu¬ 
rations  have  been  included  in  the  test  plan  of  an  upcoming  piloted  simulation  experiment 
to  be  conducted  on  the  USAF  Lamars  moving-base  simulator  to  check  this  hypothesis. 

As  might  be  expected,  the  proper  control  sensitivity  depends  on  the  crispness  of  the 
response  as  measured  by  Bandwidth,  or  equivalent  short  period  frequency.  Aircraft  with 
a  crisp  response  (high  Bandwidth)  tend  to  require  a  lower  control  sensitivity  than  those 
with  a  more  sluggish  response  (low  Bandwidth).  This  intuitive  observation  was  confirmed 
in  Ref.  11,  as  shown  by  the  data  in  Fig.  15.  Note  that  the  magnitude  of  the  attitude- 
to-stick  transfer  function  at  the  Bandwidth  frequency  is  used  as  a  measure  of  control 
sensitivity,  a  logical  choice  since  the  region  of  piloted  crossover  Is,  by  definition, 
located  in  the  vicinity  of  *>bWa*  This  plot  serves  as  a  possible  explanation  as  to  why 
certain  configurations  from  the  Ref.  17  experiment  tended  to  violate  all  of  the  usual 
handling  qualities  criteria.  That  is,  those  configurations  appear  to  have  control 
sensitivity  problems. 
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Until  lore  data  becoaes  available,  Fig-  15,  aervea  as  a  guide  for  control  sensi¬ 
tivity  for  the  landing  approach  task. 

TIME  DOMAIN  FS  F1IQ0KNCY  DOMAIN  CtITSKIA 

The  specification  of  handling  qualities  for  precision  tracking  with  aircraft  atti¬ 
tude,  is  beat  accomplished  with  frequency  baaed  criteria.  These  criteria  emphasize 

features  directly  related  to  the  piloted  loop  closure.  Tiae  domain  criteria  have  been 
found  to  be  more  appropriate  for  use  with  lower  frequency  phenomenon  such  as  pursuit 

tracking,  flight  path  control  etc.  Moat  time  domain  criteria  for  attitude  control  are 
baaed  a  step  or  boxcar  input.  Such  inputs  emphasize  the  aid  and  low  frequency  charac¬ 
teristics,  at  the  expense  of  the  response  in  the  region  of  piloted  crossover,  which 

tends  to  be  suppressed  to  the  origin. 

A  moving-base  piloted  simulation  experiment  was  conducted  on  the  NASA  Ames  Vertical 
Motion  Simulator  (Ref.  5)  specifically  to  compare  rise-time  type  criteria  (e.g..  Fig.  9) 
vs  the  Bandwidth  criterion.  The  tasks  were  1)  to  hover  over  point  on  the  deck  of  ship 
in  sea  state  3,  and,  2)  to  land  on  that  point.  Four  configurations  were  formulated 
which  had  identical  Bandwidth,  but  exhibited  wide  variations  in  rise-time  due  to  changes 
in  the  damping  ratio.  The  relationship  between  rise-time,  damping  ratio  and  Bandwidth 
for  the  ACAH  Response-Type  is  v  *en  in  Fig.  16.  ACAH  was  used  because  of  known  problems 
with  simulator  validity  for  Rate  Response-Types  (Ref.  2).  The  step  input  time 
responses,  and  corresponding  pilot  ratings  for  the  tested  configurations  are  given  In 
Fig.  17.  Note  that  the  pilot  ratings  are  essentially  invariant  in  spite  of  a  wide  vari¬ 
ation  in  rise  tiae.  The  pilots  noted  definite  differences  In  the  open-loop  responses 
during  initial  familiarization,  but  these  were  apparently  unimportant  in  terms  of  the 
task.  These  results  indicate  that  Bandwidth  is  a  better  metric  than  rise  tiae  'or  the 
prediction  of  handling  qualities  for  small  amplitude  precision  tracking  tasks.  In  addi¬ 
tion  to  these  results,  the  time  domain  criteria  had  other  short  comings. 

m  The  Level  1  values  of  rise  time  involved  very  small  values  (order  of  .05  sec'.. 
See  Fig.  16,  and  Fig.  9. 

•  Slight  variations  in  the  shape  of  the  "step"  input  caused  significant  changes  in 
the  rise  tiae. 

•  Rise  time  data  obtained  from  flight  tests  was  not  repeatable,  due  to  the  input 
shaping  problem  noted  above,  atmospheric  disturbances,  and  problems  with  esta¬ 
blishing  ideal  initial  conditions. 

Frequency  domain  criteria  tend  to  be  unreliable  at  the  low  end  of  the  spectrum 
because  there  is  typically  insufficient  power  in  the  input  and  measured  response  at 
lower  frequencies.  The  large  amplitudes  associated  with  low  frequency  inputs  present 
practical  problems  in  terms  of  maintaining  trim,  maneuvering  room,  and  large  deviations 
from  the  reference  flight  condition.  Therefore,  it  is  better  to  utilize  time  domain 
criteria  for  lower  frequency  tasks.  The  update  8501  specification  utilizes  a  mix  of 
time  and  frequency  domain  criteria  based  on  the  above  considerations,  e.g.,  see  Figs.  10 
and  11. 
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COMBINED  AXIS  PILOT  RATINGS 

The  coabined  effect  of  degraded  handling  qualities  in  each  axis  of  control  is  not 
addressed  in  any  of  the  specifications.  There  is  however,  an  eapirlcal  formula  which 
seeaa  reasonably  effective  as  a  method  to  predict  the  combined  effect  of  flying  quali¬ 
ties  degradations  la  Individual  axes. 

*.  -  io  +  n  (»i  -  io) 

■  «.»(■-*»  1  (6) 


Where 

RA  -  the  predicted  overall  pilot  rating 

R4  -  the  pilot  rating  in  a  given  axis 
a  -  the  nuaber  of  axes  rated 

This  equation  was  recently  investigated  in  a  fixed  base  siaulatlon  with  good  results  as 
shown  in  Pig.  18.  Unfortunately,  it  has  never  been  checked  in  a  aoving  base  or 
in-flight  environment.  Until  such  data  is  available,  this  "product  rule”  will  remain 
advisory  in  nature.  It  is  interesting  to  note  that  the  predicted  effect  of  two  5s  is  a 
7 .  i« e •  .  Leve 1  3. 

PROPOSID  SPECIFICATION  POR  PRECISION  FLARE  AND  LANDING 

The  objectives  of  this  final  section  of  the  lecture  are  to  illustrate,  1)  the  role 
of  Response-Type  categories  in  a  flying  qualities  specification,  2)  an  application  of 
the  Bandwidth  criterion,  3)  application,  as  well  as  certain  limitations,  of  the  use  of 
Lower  Order  Equivalent  Systems  (LOSS)  and  4)  the  importance  of  considering  attitude  and 
flight  path  responses  together.  While  this  may  seea  obvious,  many  erroneous  conclusions 
have  been  published  based  on  using  only  the  attitude  Bandwidth,  with  no  consideration 
for  path  response. 

Consider  the  generic  characteristics  of  a  typical  high  gain  SCAS  as  the  loop  gain  is 
increased  (Fig.  19).  Note  that  the  "dominant  aode,"  oaega-prlae,  circles  the  aero 
designated  by  1/Tq.  It  follows  that  we  would  want  to  set  1/Tq  at  as  high  a  value  as 
possible,  without  destabilising  the  locus  for  a  crisp  attitude  response  (large  oaega- 
prlae).  However,  we  shall  see  that  1/Tq  has  a  dramatic  effect  on  the  flight  path 
response  characteristics,  which  if  ignored,  can  result  in  the  wrong  Response-Type  for 
the  flare  and  landing  task. 

For  this  exaaple  we  shall  consider  three  coapetlng  Response-Types  for  the  flare  and 
landing  Niaalon-Task-Eleaent ;  I)  Conventional  Airplane,  2)  Rate-Coaaand-At t itude-Hold 
( RCAH) ,  and  3)  At t lcude-Coaaand-At tltude-Hold  (ACAH).  The  generic  Bode  asymptotes,  and 
tlae  responses  to  a  step  control  input  are  shown  for  pitch  attitude,  flight  path  angle, 
and  angle-of -attack  in  Figs.  20,  21,  and  22.  Each  Response-Type  is  discussed  in  some 
detail  below. 

1.  Conventional  Airplane  Response-Type  (Fig.  20) 


These  characteristics  are  associated  with  conventional  unaugaented  airplanes,  and 
the  reader  la  referred  to  any  classic  stability  and  control  text  for  a  discussion  of  the 


Figure  1ft.  Comparison  of  STI  Product  Rule  to  Actual 
Single  and  Multi-Axis  Pilot  Rating  Data 
(Fixed  Base  Simulation) 
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Figure  19.  Generic  Loop  Closure  Characteristics 


Figure  20.  Generic  Characteristics  of  Conventional  Airplane  Response-Type 
(Equivalent  Systeas  Valid  for  this  Response-Type)  (q  ♦  O  —>6®) 


STEP  3*  INPUT 
RESPONSES 


Figure  21.  Generic  Characteristics  of  Rate  Coiaand/At t Itude  Hold 
Response-Type  (RCAH)  (q  ♦  / qdt  — ofie) 
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STEP  S«  INPUT 


Figure  22.  Generic  Characteristic*  of  Attitude  Comnand/At t Itude  Hold 
Response-Type  (ACAH)  ( 0  ♦  6e  ) 


short  period,  and  phugold  nodes  etc  (a.g*.  Refs.  18  and  19).  It  Is  possible  to  achieve 
a  Convent  Iona 1 -Airplane  Response-Type  fron  any  configuration  by  feeding  back  pitch-rate 
and  angle-of-attack»  assuming  adequate  elevator  control  power.  There  are  several  Inpor- 
tant  observation*  to  be  made  froe  Fig.  20  regarding  the  generic  characterlat Ice  of  this 
Response-Type  In  tarns  of  the  flare  and  landing  task. 

n  The  flight  path-to-eleva tor  Bode  plot  le  K/s  over  a  long  stretch  between  the 
phugold  node  and  the  short  period  node. 

•  The  angle-of-attack-to-alevator  Bode  plot  Is  a  constant  anplltude  at  all  fre¬ 
quencies  below  the  short  period  frequency. 

•  The  flat  region  of  the  pltch-att ltude-to-elevator  Bode  between  1/T #  and  un¬ 
loads  to  pitch-rate  overshoot  in  the  tine  donaln  (to  a  step  elevatozr  Input). 
The  longer  this  flat  region,  the  note  the  pitch  rate  overshoot. 

n  The  flight  path  response  lags  the  attitude  response  by  90  degrees  at  frequencies 
much  above  1/T.  and  Is  in  phase  with  the  attitude  response  at  frequencies  nuch 
below  1/Tg  •  Tire  following  approximation  applies. 


1  - 1 _ 

•  T«2*  *  1 


The  parameter  1/Tg-  is  directly  dependent  on  the  aircraft  lift-curve  slope.  ,  and 
is  related  to  the  CAP  Ipeelf Icatlon  parameter  n/e  as  follows.  a 


A  low  value  of  l/Tg  will  lead  to  a  large  lag  between  0  and  y.  The  flight  path-to-stick 
Bode  plot  la  not  arf acted  by  l/Tg.  because  pitch  rate  overshoot  increases  exactly  pro¬ 
portional  to  a  decrease  In  1/Tg  •  This  fortuitous  occurrence  is  a  result  of  the  above 
mentioned  flat  stretch  between  l/Tg.  and  «,p  In  the  attitude  transfer  function 
(Pig.  20).  Hotlce  that  this  region  Is  ^increased  as  l/Ig2  Is  dacreased.  resulting  in  a 
compensating  effect  (i.s..  the  lack  of  flight  path  response  to  an  attitude  change,  is 
exactly  compensated  by  s  more  rapid  initial  attitude  response.  As  will  be  shown  later, 
this  characteristic  is  unique  to  the  Conventional-Airplane  Response-Type. 
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There  has  been  strong  ongoing  debate  regarding  pitch-rate  overshoot  for  good  flying 
qualities,  soie  insisting  that  it  is  necessary,  others  are  equally  adaaant  that  it  is 
not.  The  characteristics  discussed  above  indicate  that  the  need  for  pitch-rate  over¬ 
shoot  depends  on  the  aagnitude  of  1/T0_.  A  aore  fundaaental  and  direct  approach  would  ne 
to  concentrate  on  the  need  for  a  K/s  gamma-to-s tick  frequency  response  in  the  region  of 
piloted  crossover. 

It  is  iaportant  to  understand  that  a  "K/s  response"  implies  that  two  conditions  aust 
be  satisfied,  l)  the  saplltude  plot  should  have  a  slope  of  -20  dB/decade,  and  2)  the 
phase  Would  be  -90  degress,  An  excellent  way  to  determine  the  extent  of  the  region  of 
"K/s"  is  to  note  where  the  phase  curve  departs  from  approxiaately  -90  degrees.  It  ia 
also  iaportant  to  note  that  the  crossover  aodel  predicts  equally  good  pilot  ratings  for 
a  pure  gain  controlled  element  in  a  continuous  tracking  task  (Ref.  15). 

Problems  can  arise  when  we  attempt  to  utilise  criterion  boundaries  based  on  conven¬ 
tional  airplane  data  (i.e.,  CAP),  to  predict  the  flying  qualities  of  highly  augmented 
airplanes  (via  LOES),  when  the  Response-Type  is  not  Conventional-Airplane.  Exaapies  of 
two  such  Response-Types  are  discussed  below. 

2.  Rate-Coaaand-Attitude-Uold  (RCAH)  Response-Type  (Fig.  21) 

The  iaportant  differences  between  the  Classical-Airplane  and  the  RCAH  Response-Types 
for  the  precision  flare  are  summarized  below  (Refer  to  Figs.  20  and  21). 

a  The  flat  region  of  the  att itude-to-s tick  Bode  plot  is  no  longer  defined  by  the 

lift  curve  slope  (i.e.,  1/T02>,  but  by  the  augmentation  zero  1/Tq,  see  Fig.  21). 

a  The  gaaaa-to-sticx  Bode  plot  changes  froa  K/s  to  K/s2  (between  1/T0  and 

1/T-).  Since  the  flare  aaneuver  Involves  control  of  gaaaa,  we  would  expect2poor 
flying  qualities  if  1/Tq  >>  l/T02. 

a  The  angle-of -attack  time  response  to  a  step  stick  input  looks  like  a  step  If 
gaaaa-to-stlck  is  K/s  ( Con  vent  ional -Ai  r  plane ) ,  and  like  a  raap  if  it  is  K/s2 
(RCAH).  Hence  the  shape  of  the  alpha  tiae  response  is  a  clue  to  the  shape  of 
the  gaaaa-to-st ick  bode  plot  in  the  region  of  crossover. 

Given  that  the  fundamental  pitch  attitude  and  flight  path  responses  are  signifi¬ 
cantly  different  for  the  Conventional-Airplane  and  RCAH  Response-Types,  it  is  not 

appropriate  to  apply  the  CAP  criterion,  and  therefore  LOES,  to  RCAH.  Unfortunately, 
this  is  coaaonly  done  (the  author  is  among  the  gulltyl).  Note  that  if  1/T0  ia  approxi¬ 
mately  equal  to  1/Tq  the  Response-Type  becomes  Conventional-Airplane,5  so  rn  some  cases 
we  have  been  lucky.  In  other  cases,  the  correlations  have  been  successful  in  spite  of 
using  CAP  for  an  RCAH  Response-Type,  because  the  problem  was  primarily  due  to  excessive 
equivalent  tiae  delay,  and/or  because  the  equivalent  Wgp  tends  to  be  low  in  spite  of  the 
poor  match. 

If  L/T0.  is  low,  it  may  not  be  possible  to  obtain  a  sufficiently  high  Bandwidth  with 
pitch-rate  ^feedback  alone,  while  keeping  l/T0  -  1/Tq  (recall  that  omega-prime  circles 
l/Tq,  see  Fig.  19).  In  such  a  case,  angle-of-attack  feedback  may  be  employed  to  further 
Increase  omega-prime  while  retaining  the  Conventional-Airplane  Response-Type.  An  alter¬ 
native  is  to  use  ACAH  as  discussed  below. 

Since,  in  general  for  RCAH  augmentation,  1/Tq  is  not  approxiaately  equal  to  L/T0  , 
we  have  chosen  to  label  the  Response-Type  RCAH  for  all  cases  where  the  response  has  the 
generic  characteristics  of  Fig.  21  and  l/Tq  >>  l/T^. 

3.  At t 1 tude-Comaand-At ti tude-Hold  (ACAH)  Response-Type  (Fig.  22) 

The  generic  characteristics  of  the  ACAH  Response-Type  are  seen  to  be  dramatically 
different  from  Conventional-Airplane,  or  RCAH.  As  the  name  would  imply,  the  attltude- 
to-stick  Bode  plot  is  constant  out  to  the  "dominant  mode",  «' ,  see  Fig.  22.  The  gaaaa- 
to-stlck  Bode  plot  has  the  desired  K/s  above  1/T0.  and  K  below  l/r02.  The  response  is 
clearly  non-convent  ional ,  and  a  LOES  approach  to  ^define  parameters  to  plot  on  the  CAP 
boundaries  would  not  be  appropriate. 

The  shape  of  the  angle-of-attack  tiae  response  is  a  step,  with  some  overshoot.  This 
is  convenient  in  that  it  la  possible  to  determine  if  the  gaaaa-to-stlck  Bode  plot  has 
the  "right  shape"  from  an  examination  of  the  alpha  tiae  history  to  a  step  stick  input. 
Note  that  the  ACAH  Response-Type  has  aore  phase  aargin  in  gaama-to-a tick  at  frequencies 
below  l/Tj,  than  RCAH  or  Conventional-Airplane,  and  hence  might  be  expected  to  be  the 
best  Response-Type  for  this  task.  The  data  presented  in  the  following  section  do  Indeed 
support  such  a  conclusion. 


50f  course  the  phugoid  aode  may  be  completely  suppressed  due  to  the  pitch-rate 
feedback  which  is  not  characteristic  of  a  "conventional  airplane."  Since  the  phugoid 
has  no  iapact  on  fully  attended  tracking  tasks,  the  Response-Type  label  refers  to  the 
higher  frequency  dynamics. 
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4.  Data  Correlations  for  Precision  Flare  and  Touchdown 

Flight  tests  to  investigate  flying  qualities  for  flare  and  leading  have  been  con¬ 
ducted  using  the  USAF  Total  Inflight  Simulator  (TIFS),  see  Ref.  20.  Bach  of  the  three 
Response-Types  discussed  above  were  tested.  The  results  are  suanarlsed  In  Fig.  23.  In 
terns  of  Cooper  Harper  Pilot  Rating  vs  pitch  attitude  Bandwidth  as  defined  in  Fig.  7. 
Figure  23a  Indicates  that  satisfactory  pilot  ratings  cannot  be  obtained  for  any  tested 
value  of  attitude  Bandwidth  for  the  RCAH  Response-Type  end  no  trends  are  apparent.  A 
definite  correlation  of  attitude  Bandwidth  and  pilot  rating  Is  seen  to  exist  for  the 
Convent  Iona 1-A1 r plane  Response-Type ,  and  a  nlnlaun  value  of  2.5  rad/sec  Is  Indicated  for 
Level  I  (Fig.  23b).  This  value  Is  consistent  with  previous  data  correlations,  e.g«,  sec 
Fig.  14.  Finally,  the  AC  AH  Re  ago  nse  "Type  Is  seen  to  yield  consistently  good  pilot 
ratings  down  to  an  attitude  Bandwidth  of  1.4  rad/sec  (Fig.  24c).  This  Is  not  surprising 
considering  the  excellent  flight  path  characteristics  of  this  Response-Type  (see 
22).  This  point  Is  further  Illustrated  In  Fig.  24.  Here  four  conf Iguret Ions  are 
shown  which  had  essentially  Identical  Bandwidth  and  phase  delay,  but  the  Response-Type 
was  changed  froa  RCAH  or  Conventional-Airplane  (with  low. Bandwidth)  to  ACAH  by  Inserting 
a  washout  prefilter  In  the  connand  path.  The  laprovenent  In  flying  qualities  Is  Indeed 
dranatlc.  In  sons  cases,  the  angle-of-attack  tine  history  nay  not  be  easily  character¬ 
ised  as  a  step  or  reap.  In  these  cases  It  Is  necessary  to  revert  directly  to  neasure- 
nent  of  the  flight  path  Bandwidth.  The  data  froa  Ref.  20  Is  plotted  on  a  grid  of  flight 
path  vs  attitude  Bandwidth  In  Fig.  25,  which  Illustrates  the  correlation  between  these 
paraaeters  for  Conventional-Airplane  Response-Type  (they  are  both  functions  of  a*  as 
shown  In  Fig.  20).  The  RCAH  Response-Types  are  Indicated  by  filled  data  points,  and  are 
seen  to  exhibit  significantly  lower  flight  path  Bandwidth  and  degraded  pilot  ratings  due 
to  the  K/sz  nature  of  the  gaaaa-to-stlek  Bode  plot.  The  ACAH  Response-Type  cases  tend 
to  exhibit  the  highest  flight  path  Bandwidth. 


Figure  23.  Correlation  of  with  Fllot  Rating  for  Bach  Response-Type 

(Ref.® 10  and  20  Data) 


5-22 


► 

l 

' 

I 


t 


Response-Type 

o 

Conventional-Airplane 

• 

RCAH 

□ 

ACAH 

CALSPAN  OFT  SHUTTLE 

SHUTTLE  SHUTTLE  PLUS 

TIME 
DELAY 


CONFIG. 

•  s 
sf 
3  ° 

TP0 

(sec) 

CALSPAN 

Shuttle 

1.7 

.13 

OFT 

Shuttle 

1.2 

.26 

CALSPAN 
Shuttle  plus 
Time  Deloy 

1.6 

.18 

Super- 

augmented 

1.8 

.17 

NOTES:  1)  BANDWIDTH  AND  PHASE  DELAY 

WERE  ESSENTIALLY  UNCHANGED 
BETWEEN  RATE  AND  ATTITUDE 
RESPONSE-TYPES 


2) 


— _ L 

SUPEA- 

AUQMENTEO 


ATTITUDE  WAS  OBTAINED  FROM 
RATE  RESPONSE-TYPE  BY 
INSERTING  A  WASHOUT  PRE- 
PILTER  AT  THE  OUTPUT  OF 
THE  COCKPIT  CONTROLLER 
(e.g.,  WASHOUT  0C) 

TEST  DESIGNED  TO  EVALUATE 
CONTROL  LAWS  FOR  A  GENERIC 
TRANSPORT  (193,000  LB  GROSS) 


Figure  24.  Flight  Test  Results  Showing  Effect  of  Changing  Froa  Rate  to  Attitude 
Response-Type  (T1FS  Flared  Landing  Flight  Tests) 


Figure  25.  Pilot  Rating  Correlations  with  (I/Tq.)  and 
wBWq  Ref.  20  Flared  Landing  Experiaent 
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The  *bov«  noted  treads  were  eleo  aeea  to  exist  la  the  STOL  precleloa  lending  experl- 
■eat  reported  la  Ref  10.  These  date  are  plotted  la  Fig.  26,  and  are  representative  of 
generic  versions  of  a  fighter  STOL  designed  to  achieve  short  field  performance  via 
highly  precise  frontside  leadings  followed  by  reverse  throat.  The  Kef.  10  and  20  data 
are  seen  to  be  coaslstent  (compare  Figures  25  aad  26)  v  indicating  that  the  criterion 
Parameters  are  applicable  In  general,  as  opposed  to  being  unique  to  any  one  experiment. 

5.  Proposed  Criterion  for  Precision  Flare 

In  accordance  with  the  above  discussions,  it  Is  necessary  that  the  Response-Type  be 
Conventional -Airplane ,  or  ACAH.  Note  that  a  RCAH  SCAS  with  1/Tq  approximately  equal  to 
l/Tg,  Is  defined  here  as  a  Conventional-Airplane  Response-Type.  The  phugold  mode  may  or 
■ay  not  be  representative  of  a  conventional  unaugmented  airplane,  but  that  Is  of  little 
consequence  for  the  flare  maneuver,  and  therefore  Is  not  a  consideration  In  the 
Response-Type  definition  for  this  task.  In  the  design  stages,  ths  Response-Type  and 
Bandwidth  values  are  simply  determined  dlrsctly  from  the  attitude  and  flight  path-to- 
stlck  Bode  plots.  However,  for  flight  test  verification.  It  Is  necessary  to  accomplish 
frequency  sweeps  to  obtain  the  required  Information  (via  Fast  Fourier  Transforms).  In 
most  cases.  It  Is  posslbls  to  use  the  above  noted  relationship  between  the  angle-of- 
attsck  response  to  a  step  stick  Input  and  y/ &e  e°  taauce  that  tc  la  not  a  ramp.  In  the 
event  that  it  is  not  clear  If  the  alpha  response  Is  a  step  or  ramp,  a  frequency  sweep 
must  be  performed  to  Insure  that  the  gamma -to-s tick  Bode  plot  Is  K/s  In  the  region  of 
piloted  crossover.  Data  correlations  Indicate  that  a  flight  path  Bandwidth  of  greater 
than  0.80  rsd/sec  provides  reasonable  assurance  of  an  adequate  region  of  K/s. 

If  It  Is  determined  that  the  Response-Type  Is  Conventional-Airplane ,  the  LOBS  cri¬ 
terion  (based  on  CAP)  esn  be  utilised.  If  the  Response-Type  is  RCAH,  the  aircraft  falls 
the  criterion.  The  Bandwidth  criterion  can  be  used  for  either  the  Conventional  Airplane 
or  ACAH  Response-Types. 


Mfc^lrOd/MC) 


Figure  26.  Fighter  STOL  Simulation  Data  (LAMARS) 
for  Precision  Landings  —  Ref.  10 
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Good  direct  control  of  the  flight  path  veetor  iiiutei  that  attitude  control  la  not  a 
problaa ,  and  can  ba  aanantlally  ignored  by  the  pilot.  Thin  la  assured  by  requiring  an 
attitude  Bandwidth  of  at  leaat  2.5  rad/aec.  The  final  criterion  la  given  In  Pig.  27. 
Note  that  It  ineludea  a  nioinua  value  of  the  achievable  ratio  of  flight  path-t o-at t It ude 
change  to  lnaure  that  aufficlent  energy  exists  to  aodlfy  the  flight  path  vector.  The 
alniaua  values  for  AyMX/46##  are  obtained  froa  flight  data  generated  by  NASA  Awes  (aee 
Ref.  10).  An  application  of  this  criterion  to  a  aodern  highly  augmented  fighter  air¬ 
craft  is  given  in  the  following  example. 

6.  Example  Application  to  Highly  Augaented  Fighter  Aircraft 

Soae  yaara  ago  there  wee  considerable  controversy  over  the  flying  qualities  of  a 
highly  augaented  fighter  aircraft  with  regards  to  ita  flare  and  landing  characteristics. 
Host  pilots  who  flew  the  aircraft  had  problems  learning  to  land  It.  and  aost  adalt  that 
consistent  good  landings  continue  to  remain  an  elusive  goal.  The  strategy  generally 
evolved  has  been  not  to  Mtease  it"  and  accept  whatever  touchdown  dispersions  that  might 
occur  from  an  off  nominal  approach.  Not  exactly  a  shining  example  of  our  modern  flight 
control  system  expertise?  Let  us  briefly  explore  how  the  proper  application  of  the  Nil- 
Prime  specification  criteria  not  only  exposes  the  problem,  but  Indicates  possible  root 
causes  when  cast  in  the  format  proposed  above. 


•  PITCH  ATTITUDE  DYNAMICS 
--  WBig  >2.5  RAD/SEC 
--  t  p  <  100  MS 

•  FLIGHT  PATH  RESPONSE 

-  SHORT  TEfcfl  a  RESPONSE  TO  STEP  Ses  IS  A  STEP  - 
HAS  ZERO  SLOPE  BEFORE  t  =  5  SEC 

OK  NOT  OK 


--  IF  SHORT  TERM  a  IS  NOT  A  STEP,  OR  IS  QUESTIONABLE 
wBWy  >  0.80  rod/sec 

-  ENERGY  TO  FLARE 

Aymox  |  >  0.70  Level  I 
A6ss  I  *  0.50  Level  2 


Pigure  27 


Proposed  Criteria  for  Precision  Landing 
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A  simplified  block  dlagrsm  of  the  flight  control  system  In  given  in  Pig.  28.  A 

loeun  of  the  character Is  tic  roots  as  the  loop  gain  Is  increased  Is  shown,  and  the  filled 
boxes  represent  the  final  closed  loop  roots  selected  by  the  sanufacturer.  One  approach 
to  specification  compliance  (albeit  Incorrect)  would  be  to  Interpret  mj  as  the  short 

period  frequency,  and  to  plot  It  on  the  CAP  boundaries  as  shown  In  Pig.  29.  This  would 

predict  satisfactory  flying  qualities.  However  if  we  Invoke  the  methodology  presented 
above,  the  following  factors  become  apparent. 

•  The  SCAS  results  in  a  RCAH  Response-Type  by  virtue  of  the  fact  that  1/Tq>> 

1/T0  (4.6  vs.  .59  respectively)  resulting  in  a  K/s2  gamma  to  delta  transfer 

function.  As  noted  above  this  la  not  an  appropriate  Response-Type  for  flare  and 
landing. 

•  The  attitude  Bandwidth  and  phase  delay  Is  in  the  Level  3  region  (Pig.  30). 

The  angle-of -attack  time  history  following  a  step  stick  Input  is  a  ramp,  as  expected 
whan  1/T_  >>  1/Tg  (Pig.  31).  Finally,  the  flight  path  Bandwidth  Is  0.44  rad/sec,  which 
Is  considerably  less  than  the  required  0.80  In  the  Pig.  27  requirement. 

It  is  not  surprising  that  the  aircraft  Is  difficult  to  land.  ^  An  appropriate  fix 
would  be  to  lower  the  gain  on  the  parallel  integrator  so  that  1/Tq  -  !/T0  .  This  would 
provide  a  Conventional-Airplane  Response-Type.  However,  the  necessary  BanBwidth  nay  not 
be  achievable  with  this  reduced  Integrator  gain,  necessitating  additional  feedbacks 
(such  as  normal  acceleration  or  angle-of-at tack) .  In  fact,  the  operational  version  of 
the  aircraft  does  have  angle-of-attack  feedback,  but  the  integrator  gain  remains 
unchanged ! 

Suppose,  for  the  moment,  we  do  not  recognise  the  fact  that  this  SCAS  results  In  a 
non-Convent lonal-Al rplana  Response-Type,  end  apply  the  LOBS  criterion  from  the  Mil-Prime 
Standard  (albeit  Incorrectly  according  to  the  underlying  first  principles).  The  result¬ 
ing  match  Is  shown  In  Pig.  32,  and  Is  seen  to  be  less  than  Impressive.  However,  the 
criterion  still  Is  able  to  correctly  predict  an  excessively  sluggish  response  (see 
Pig.  29),  and  exhibits  excessl  vs  equivalent  time  delay.  This  result  Is  not  uncommon, 
and  while  It  is  fortuitous  in  many  ways,  the  undesirable  effect  is  to  Instill  the 
concept  that  LOBS  works  In  general.  Habitual  application  of  the  LOBS  criterion  without 
regard  to  Response-Type  will  probably  work  In  most  RCAH  cases,  but  Is  asking  for 
trouble,  beesuse  It  is  fundamentally  Incorrect.  In  terms  of  control  system  design,  the 
LOBS  provides  little  guidance  to  Indicate  that  the  Integrator  gain  is  adversely 
affecting  the  flight  path  response. 


a)  Pitch  Rate  Feedback  Block  Diagram 
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SUMMARY 

This  presentation  addresses  current  and  projected  appl lea 1 1  one  of  flying 
Qualities  criteria,  rather  than  their  research  and  development.  We  will  discuss  the 
current  state  of  the  art,  its  deficiencies,  and  needs  for  further  work. 

The  rationale  for  the  new  US  Military  Standard  and  Handbook  on  flying  qualities 
is  briefly  discussed.  With  advanced  vehicles,  the  scope  of  flying  qualities  is 
expanding,  opening  new  areas  to  Investigate  and  creating  new  problems. 

With  relaxed  static  stability  now  commonly  used,  control  margin  Is  a  prime  safety 
consideration:  control  must  be  available  for  stabilization,  maneuvering  and  recovery 

from  any  possible  attitude,  as  well  as  for  trim. 

Flying  qualities  aspects  of  agility  Include  the  need  for  nonlinear  flying 
qualities  metrics,  and  control  systems  that  provide  both  rapid  maneuvering  and  good 
damping  for  tight  tracking.  For  all-aspect  engagement,  the  pilot  needs  to  be 
thoroughly  Integrated  with  displays,  automatic  flight  control  modes  and  other  systems. 

For  dynamic  longitudinal  flying  qualities,  MTL-STP-1797  presents  the  Control 
Anticipation  Parameter  (CAP)  of  an  equivalent  classical  system  as  a  primary  criterion, 
but  gives  several  alternatives  In  recognition  of  problems,  srd  research  continues. 

INTRODUCTION 

The  US  military  flying  qualities  requirements  are  in  a  new  document.  Military 

Standard  ) 797  (USAF)  ,  which  at  this  writing  Is  In  the  process  of  coordination  among 
the  US  Air  Force,  Army  and  Navy.  For  Air  Force  use,  the  original  Issue  is  dated 

31  March  1987,  replacing  MIL-F-8785C? .  Tts  most  striking  feature  Is  its  size:  the 
standard  and  a  voluminous  handbook  are  published  as  one  700-page  volume.  A  two-volume 

draftJ  prepared  by  Systems  Technology,  Tnc  (STI)  under  contract  was  extensively 
modified  prior  to  publication,  with  Input  from  many  sources  in  the  VS  and  Europe.  At 
present,  distribution  is  limited  to  the  Department  of  Defense  and  Its  contractors 
only,  because  the  handbook's  "lessons  learned"  Include  some  characteristics  of  our 
newer  combat  aircraft.  Bv  the  time  of  these  lectures,  we  plan  to  have  a  "sanitized" 
version  available  for  general  distribution. 

By  Itself,  the  standard  is  not  of  much  use  until  Its  many  blanks  are  filled  In. 
The  handbook  gives  guidance  on  blank-filling  and  on  application  of  the  requirements. 
This  concept  has  allowed  us  to  suggest  alternatives  for  cases  In  which  there  may  he 
doubt  about  the  right  criteria  for  a  particular  application.  We  have  kept  the  same 
framework  (aircraft  classes,  flight-phase  categories,  flight  envelopes,  aircraft 
states,  and  flying  qualities  levels)  —  and  many  of  the  same  requirements,  but 
rearranged  by  axis,  six  of  them,  plus  general  and  combined-axes  flying  qualities.  We 
have  incorporated  many  of  the  advances  made  through  research  and  operational 
experience  In  the  years  since  publication  of  the  predecessor  specification  MIL-F-P785C 
in  1980. 

While  we  hove  changed  the  requirements  from  those  of  MTL-F-8785C  In  many  details, 
generally  we  have  kept  the  concept  of  specifying  characteristics  of  aircraft  response 
to  open-loop  pilot  Inputs.  By  law,  we  cannot  specify  such  parameters  as  tail  size  or 
stability  derivatives:  these  are  the  province  of  the  designer.  What  we  are  reallv 
Interested  In,  of  course,  is  not  exactly  any  of  those  characteristics  but,  rather, 
task  performance  of  the  pilot  and  vehicle  In  concert,  plus  pilot  workload.  These  are 
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the  two  recognized  components  of  flying  qualities  .  Pilots,  being  adaptable,  can 
maintain  good  task  performance  for  a  wide  range  of  vehicle  characteristics  at  the 
expense  of  Increased  effort  and  concentration  on  flying. 

Unfortunately,  performance  and  workload  ere  not  yet  measurable  preclselv  enough 
for  direct  specification  of  handling  qualities.  With  limited  time  and  funds,  flight 
testing  emphasizes  operationally-oriented  maneuvers.  Capital  1* 'ng  on  this,  the  Air 

Force  Flight  Teat  Center's  Handling  Qualities  During  Tracking  (HQDT)*  has  proved 
exceptionally  useful  In  uncovering  handling  difficulties.  System  Identification 
techniques  allow  datermlnat ion  of  many  specification  parameters,  and  stability 
derivatives  too,  from  the  HQDT  data.  Run-to-run  variation  and  the  lack,  of  adequate 
workload  measures,  however,  render  performance  In  these  maneuvers  unsuitable  for 
design  specification.  Still,  we  need  more  standardized  maneuvers  and  performance 
criteria,  related  to  operational  tasks,  to  guide  simulator  and  fllgbt-test 
evaluations . 


>8  other  speakers  have  alluded,  pilot  modeling  can  furnish  valuable  insights.  We 
can  foresee  the  day  when  the  specification  nay  be  an  analytical  pilot  nodal  with 
adaptation  rules  and  a  workload  or  excess-capacity  measure.  Acceptance  of  that  form 
of  specification,  however,  has  been  slow  in  coning.  We  therefore  continue  to  rely  on 
correlations  of  pilot  ratings  and  comments  with  aircraft  characteristics,  guided  by 
pilot-vehicle  analysis,  supplemented  by  experience  In  aircraft  development  and 
operation. 

For  the  most  part,  the  Mil  Standard  also  continues  to  state  criteria  in  terms  of 
classical  responses:  static  speed  and  sideslip  stability,  short-period  and  dutch-roll 
frequency  and  damping,  etc.  It  does  not  answer  the  question  of  how  to  obtain  these 
characteristics,  that  being  the  job  of  the  designer.  The  data  baae  la  almoat  entirely 
for  piloted  control  In  conventional  maneuvera.  We  have  only  begun  to  consider  the 
altered  responses  of  highly  augmented  aircraft  (although  equivalent  clasalcal  response 
parameters  can  often  be  found),  and  we  have  vet  to  address  criteria  for  combined 
piloted  and  automated  flight.  These  considerations,  which  ars  upon  us,  art  some  of 
the  moat  urgent  challenges  for  further  research. 

Analysis  and  simulation  are  even  more  important  to  the  formulation  rf  criteria 
for  advanced  aircraft,  which  not  only  will  lncorporata  a  high  degree  of  stability  and 
control  augmentation  to  compensate  for  relaxed  static  stability  In  pitch  and  possibly 
yaw,  but  also  will  need: 

*  Increased  agility*  including  air-combat  maneuvering  near  and  beyond  stall 

*  Aircraft  response  tailored  to  particular  tasks 

*  Greater  reliance  on  displays  for  rapid,  precise  maneuvering 

*  Automated  and  seml-automated  modes  Integrating  propulsion,  fire  control, 
short-term  guidance,  etc  modes  with  flight  control 

*  Artificial  Intelligence  to  aid  and  advise  the  pilot 

*  Automatic  restructuring  and  self-repair  to  make  the  best  possible  use  of 
remaining  system  components  after  failure  or  damage 

for  much  more  demanding  missions  In  a  very  complex  environment,  taxing  pilot  workload 
to  maintain  situation  awareness. 

One  problem  ve  have  noted  in  application  of  the  flying  qualities  requirements  to 
aircraft  design  arises  from  the  increased  sophistication  of  flight  control  system 
design.  While  we  have  stated  the  criteria  in  terms  felt  to  he  meaningful  to  pilots 
and  airframe  designers,  many  flight  control  system  designers  have  not  found  them  so. 
One  factor  is  experience  that  stability  and  control  augmentation  has  at  times 
resulted  in  nonclaeelcal  aircraft  response.  Thus  a  feeling  arose  that  the 
requirements  just  weren't  applicable  to  the  case  at  hand.  Also,  despite  our  early 
efforts,  flight  control  designers  fourd  it  difficult  to  Incorporate  the  flying 
qualities  criteria  into  optimisation  techniques,  and  so  used  other  criteria  Snatead. 
Several  resulting  poor  designs  had  to  be  modified,  at  considerable  coat,  after  Initial 
flight  testing. 

Our  next  response,  in  order  to  make  the  most  of  the  existing  data  baae,  was  to 
apply  the  requirements  to  an  equivalent  classical  aircraft,  matching  the  two  responses 
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as  veil  as  possible  over  the  frequency  or  time  range  of  principal  interest  '  .  We 

found  the  equivalent  system  approach  to  work  remarkably  well,  but  still  not 
universally.  We  will  discuss  some  later  research  results  and  new  criteria.  A  current 
project  la  to  develop  viable  multivariable,  computer-aided  flight  control  design 
techniques  which  adequately  account  for  flying  oualltlea.  Increasingly ,  we  feel  the 
urgency  of  good  interdisciplinary  teamwork. 

CONTROL  MARGIN 

Instability  has  been  a  perennial  problem  for  manned  flight.  Since  the  need  to 
balance  stability  against  controllability  is  still  very  much  with  us,  some  background 
seems  in  order.  The  Wright  brothers  purposely  made  their  early  airplanes  unstable  so 
that  they  could  be  maneuvered,  rather  than  concentrating  on  a  high  degree  of 
stability,  as  was  the  practice  of  their  predecessors  (except  Llllenthal)  and 

contemporaries7.  This  made  manned,  fully  controlled  flight  possible  --  but  just 
barely;  not  until  the  instability  was  drastically  reduced  or  eliminated  could  the 
Wrights  wake  their  Flyers  refrain  from  bobbing  around  continually  as  the  pilot 

concentrated  on  maintaining  control.  Root*  recounts  that  in  1904,  "when  fifty  pounds 
of  Iron  was  fastened  to  Its  nose,  It  came  down  to  a  tolerably  straight  line  and 

carried  Its  burden  with  ease";  and  Lieutenant  (later  General)  Foulols,  the  first 

q 

military  airplane  pilot,  found'  that: 

Old  Number  One...,  with  its  two  elevators  out  in  front,  was  about 
as  stable  as  a  bucking  bronco...  When  one  of  the  elevators  up 
front  was  moved  around  to  the  back,  stability  Improved  somewhat, 
but  not  enough.  I  later  found  that  by  using  just  one  el.avator, 
the  rear  one,  1  had  a  platform  that  worked  vary  well.  I  could 

let  go  of  the  levers  and  make  notes  and  sketches.  It  got  to  be  an 

airplane  that  could  be  used  for  real  military  reconnaissance. 


6-3 

IcTtrthalcai,  as  recounted  In  many  iourc««,  for  cxisflt  Reference  10,  Instabilities 
remained  cossoo  Ip  fighter  aircraft  of  World  Var  I. 

With  such  Instability,  just  hanging  on,  keeping  the  airplane  under  control,  could 

be  a  challenge.  Bur  a  British  Investigation  in  191911  of  a  series  of  accidents  found 
another  potential  for  disaster.  A  nark  of  static  stability  Is  that  the  control  to 
stabilise  at  a  na«r  squlllbrlun  point  la  In  the  sane  direction  as  the  control  to 
Initiate  the  change;  but  for  the  unetable  case,  a  control  reversal  is  required. 

Control  to  recover  an  unstable  vehicle,  then.  Is  in  the  sane  direction  as  control  to 
trln.  Figure  1  shove  this  concept  applied  in  an  invest iget ion  into  the  loss  of  13 
"  *  A '  aeroplanes. M  In  a  half-looping  recovery  fro*  Inverted  flight,  Insufficient 
nose-up  elevator  control  deflection  vaa  left  to  pull  out.  While  the  maneuver  cited 
was  a  poorly  executad  loop,  there  arc  «any  veye  to  get  Into  euch  e  fix. 

Now,  ee  then,  the  quest  for  performance  end  aaneuverebl 1 ity  drives  designers  to 
■inlfilze  stability,  even  to  build  In  a  degree  of  instability.  These  days,  such 
handling  defects  can  be  corrected  by  response  feedback,  so  that  the  pilot  seea  nothing 
a*lse  —  unless  hie  controls  saturate  or  fall.  Back  In  1913,  Orville  Wright  von  the 
Collier  Trophy  for  his  deaonatratlon  of  en  engle-of-et tack  feedback  In  pitch  and  a 
pendulum  for  roll,  pneumatically  driving  the  control  surfaces  for  stabilisation. 

Modern  use  of  stability  augmentation  dates  fro*  the  Northrop  B-49  yav  damper  ,  end 

has  grown  into  "auperaugmentat Ion" 1  * .  Ws  shall  discuss  several  hassrds  of 
ovsr-rellance  on  the  flight  control  system  to  coapensate  for  deficiencies  of  the  basic 
airf raae . 

Ever  since  the  appearance  of  swept  end  lov-espect-rat lo  wings,  pltch-up  has  been 
a  design  problea.  This  pitch  Instability  near  stall  Is  related  to  entrance  of  en  aft 
tallplanc  Into  the  core  of  the  wing's  dovnvash  field  as  angle  of  attack  lncreaeee; 
wing  sweep,  low  aspect  ratio,  vortices  trailing  fro*  slde-aounted  engine  inlets,  wing 

leading-edge  extensions,  etc  can  have  major  effects'4*  A  later  compendium'* 

recounts  more  recent  experience  with  pitch  end  yew  departures.  In  order  to  prevent 
loss  of  control,  one  early  fix  (on  the  F-104  end  F-101 ,  for  example)  was  e  stick 
pusher  which  (paradoxically,  and  to  pilots'  displeasure)  at  a  predetermined 
combination  of  angle  of  attack  and  pitch  rate,  momentarily  took  control  away  from  the 
pilot  so  as  to  push  the  nose  down. 

While  most  airplanes  hsve  a  stable  stall  break,  two  examples  (among  others!  show 
that  this  static  stability,  post-stall,  can  Itself  be  a  problem  when  combined  with  a 
region  of  Instability  at  lower  angle  of  attack.  Another  stable  equilibrium  point  Is 
created,  as  shown  In  Figure  2,  possibly  with  no  nose-down  control  moment  available  to 
recover.  The  common  decrease  In  stabilizer  effectiveness  at  these  extreme  angles 
compounds  the  difficulty.  Both  the  *AC  1-1!  transport  and  the  F- 1 6  fighter  hsve 
exhibited  a  capability  to  pitch  up  into  a  locked-ln  deep  stall,  with  equilibrium  at 
full  nose-down  stabilizer;  no  nose-down  moment  is  available  to  recover.  The  F-16's 
stability  augmentation  applies  the  full  nose-down  command,  so  the  pilot  has  been  given 
a  special  switch  to  negate  it  so  that  he  can  try  to  rock  out  of  this  trap. 

Ordinarily,  the  F-16’s  stall/g-1 iml ter  prevents  reaching  this  state,  and 
maneuvering  Is  "carefree.”  Generally,  however,  a  Halter  can  be  defeated  —  by 
tricking  it  in  some  way,  say  by  losing  airspeed  in  a  vertical  climb.  Also,  by  its 
nature,  a  limiter  restricts  maneuvering  capability.  For  all  maneuvers,  control 
deflection  and  rate  margins  must  be  sufficient  for: 

*  Stabilization  to  the  specified  flying  qualities  level 

*  Limiting  aircraft  response  to  sensor  and  system  noise  and  a  specified 
intensity  of  atmospheric  disturbances 

*  Pecovery  from  stall,  and  from  any  possible  attitude  or  gyration. 

Table  I,  based  on  material  in  Feference  17,  lists  simple  approximations  for  some 
of  the  control  margins  necessary  to  avoid  saturation.  Figure  3  Illustrates  the 
control  action  for  stability  augmentation. 

Our  military  engineering  organizations  insist  that  these  safety-related  control 
margins  he  provided  through  aerodynamic  control  power.  Fxperlence  to  date  with 
current-technology  inlets  and  engines  operating  at  the  distortion  levels  typical  of 
high  angle  of  attack  at  low  speed  dictates  caution.  Considerable  uncertainty  exists 
about  reliability  and  dependability  of  thrust  for  use  to  stabilize  and  control  the 
vehicle.  Throttle  usage  la  also  a  factor:  idle  thrust  may  be  used  to  decelerate 
rapidly. 

For  a  fighter  especially,  sr  effective  limiter  may  severely,  restrict  maneuver 
capability  at  angles  of  attack,  approaching  the  limit.  Even  If  control  limiting  la 
avoided,  a  typical  restriction  la  a  slowing  of  the  pitch  response  to  avoid 
overshooting  tha  limit.  An  additional  Increment  of  nose-down  control  margin  must  be 
available  to  counter  the  pitching  moment  from  nonlinear  inertial  coupling  in  roll:  as 
a  first  cut. 
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for  «  roll  rat*  p  about  tha  velocity  vector,  with  a  measured  to  the  principal  a  aria. 
In  yaw,  stabilization  while  rolling  euat  counter  not  only  the  inertial  yawing  eoeevt , 
but  alao  the  dutch  roll  and  any  "aileron  yaw."  The  eeveral  nonlinear  Inertial  terwe 
in  the  aquations  of  notion  wake  a  detailed  analyala  necessary  to  determine  the  notion 
with  any  great  accuracy;  generally,  nose-down  pitching  accentuates  this  divergent 
tendency  while  rolling.  For  the  F-16,  which  aubaonl cal ly ,  unaugncnted,  is  unstable  in 
pitch,  the  roll  and  yaw  capability  at  high  argle  of  attack  la  severely  restricted  in 
order  to  preclude  a  pitching  divergence. 


Although  we  have  seen  how  saturation  of  control  effectors  can  lead  to  loss  of 
control,  dynanlc  deflection  or  rate  saturation  does  not  necesaarlly  nean  departure 
froa  controlled  flight.  Snail  aaounts  of  eonaand  or  stabl 1 iaat i on  saturation  are 

conparable,  in  a  describing-function  senae17'  18  (Figure  4),  to  a  reduction  In  gain. 
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Such  behavior  will  cause  flying  qualities  to  deteriorate  for  large  inputs  ,  but  up  to 
a  point  will  not  reduce  the  response  all  the  way  to  an  instability.  Deflection 
saturation  will  reduce  the  low-frequency  stability  level  and  the  initial  response  to 
abrupt  coaaands,  while  rare  saturation  will  slow  the  initial  response  and  decrease  the 
high-frequency  stability  level  (Figure  5).  For  a  basically  unstable  alrfrane  or  a 
aysten  deficient  in  phase  or  gain  margin,  a  sufficiently  large  or  rapid 
control -surf ace  costnand  causes  a  divergence.  For  a  saaller  aaount  of  saturation  than 
that  which  reduces  stability  to  neutral,  pilot  opinion  will  degrade;  woreover,  the 
variation  in  response  characteristics  with  amplitude  say  Itself  be  objectionable. 

The  Instability  boundary  can  be  expressed  In  terms  of  (a)  tha  steady-state 
response  to  limit  deflection  or  rate  and  (b)  the  bare  airframe's  response  ratios  for 

the  stable  mode*7'  Figure  6  illustrates  such  boundaries  for  the  tvo-degree-of- 

freedom  short-period  motion  of  an  elrcraft  hevlng  one  unstable  root.  From  the 
equilibrium  point,  with  controls  saturated  the  motion  in  the  stable  mode  proceeds 
along  the  stable  separatrlx.  For  combinations  of  variables  beyond  this  boundary 
(which  depends  only  on  the  unaugmented  characteristics ,  regardless  of  augmentat Ion) 
the  aircraft  cannot  be  controlled  and  will  diverge.  For  this  simple  esse,  full 
control  deflection  gives  the  equilibrium,  or  saddle,  point? 


Z  M  /U  M.)AA/(Z  K 
o  q  o  0  a  q 


’  -V*  -  WlV**'"1. 

and  the  slope  of  the  stable  separatrlx  is  given  by: 


( Aq / Aa)  -  M  /(Z  /IT  +  1/T.) 
s  a  a  o  a 

where  q  is  pitch  rate,  Aa  is  argle  of  attack  change  fro«  straight  flight,  AA  is  the 
Incremental  control  surface  deflection,  and  Z^  are  dimensional  argular  and  linear 

acceleration  derivatives,  "sub  a"  represents  the  subsidence  mode  and  T.  Is  the 
(negative)  time  constant  of  the  divergent  mode. 


While  derailed  analysis  of  such  nonlinear  behavior  is  best  done  in  the  time 
domain,  this  simple  concept  seems  helpful  in  understanding  the  problem.  Considering 
the  relationship  between  step  and  ramp  commands,  for  the  corresponding  boundaries  for 
rate-saturation  stability  alone,  merely  substitute  a  for  a,  $  for  q,  and  A  for  A.  The 
slope  q/a  Is  the  same  as  Ac/Aa. 

Experience  to  date  has  been  mostly  with  the  pitch  axis;  but  if  the  need  should 
arise  in  the  yaw  axis,  similar  considerations  apply  to  an  instability  there. 

Direct  feedback  of  angle  of  attack,  of  course,  will  stabilise  sn  aircraft  with 
relaxed  static  stability.  Wore  commonly,  however,  pitch  rate  and  normal  acceleration 
are  ted  back.  Since  these  signals  cannot  completely  stabilise  attitude,  an  Integrator 
path  is  added  to  null  the  error  signal  in  the  long  term.  This  mechanisation  gives 
rate-command,  attitude-hold  control.  Even  for  statically  stable  basic  airframes,  we 
find  that  proportional  plus  Integral  control  of  these  variables  Is  often  incorporated 
in  order  to  maintain  trim  automatical! v.  In  normal  operation,  control  la  almost 
conventlcnsl  (sxcept  for  tha  need  to  push  the  nose  down  for  landing).  But  once  the 
control  surface  saturates,  the  continued  buildup  of  the  error  signal  can  prevent 
recovery.  Figure  7,  from  Reference  17,  illustrates  the  effect  such  a  runaway 
Integrator  can  have  in  a  checked  pullup,  and  a  solution:  to  cut  out  the  Integrator 
whenever  the  control  surface  saturates. 

Rear  stall,  too,  the  neutral  stability  obtained  with  an  Integrator  can  be  of 
concern.  For  added  atall  protection,  the  F-16  Introduces  angle-of-at tack  feedback  at 
angles  of  attack  above  that  for  approach. 

To  summarise,  flight  safety  of  an  unstable  airframe  requires  enough  aerodynamic 
control  power  to  trim  aerodynamic  and  thrust  forces  at  all  possible  flight  conditions 
and  thrust  settings,  with  margins  of  control  authority  end  rate  sufficient  for: 


*  maneuvering  (CoHand  Halter*  c*o  guard  against  loss  of  cortrol,  at  the 
expanse  nf  decreased  aaneuveraM 1 1 ty  and  agility.  If  the  Instability  Is 
not  too  severe) 

*  stabilisation  of  the  response  to  coaasnds  and  disturbances;  high  daaplng 
reduces  the  control  budget  for  stabilisation,  but  overdavped  responses 
are  slower 

*  recovery,  for  exaaple  froa  a  stable  equlllbrlua  point  In  a  deap  stall,  or 
sudden  failures  including  lose  of  an  angina,  or  upsets  or  unusual 

at tttades # 

Multiple  control  surfaces  end  various  disturbances  must  be  taken  Into  account 
when  determining  these  asrglne.  Maneuvering  flaps,  lord  alleviation,  stors  drop  or 
gun  firing,  and  direct  side-force  control  modes  are  soae  possibilities. 

The  else  of  the  design  gust  determines  the  degree  of  risk  reduction;  0 
sufficiently  large  disturbance  can  still  cause  an  unstable  airframe  to  diverge.  A 
wake  vortex  encounter,  not  uncommon  In  air  combat  (training  or  actual)  and  possible 
elsewhere,  can  be  very  violent;  the  crly  recourse  may  be  to  assure  aircraft  integrity 
and  the  ability  to  recover.  Tt  la  not  clear  just  what  combinations  of  aggressive 
maneuvering  and  disturbances  are  reasonable  to  consider. 

Some  margin  Is  also  needed  for  design  uncertainties  sod  growth  (In  weight, 
center-of-gravity  range,  additional  stores,  etc).  Several  of  our  current  fighter 
aircraft  experienced  leas  than  predicted  aerodynamic  stability  because  of 
discrepancies  between  wind  tunnel  and  flight  (F-111,  F-16),  or  overestimated  fuselage 
ntlffnese  (F-J3).  Reference  17  la  of  use  for  early  design  tradeoffs;  hut  for  more 
detailed  design,  the  adequacy  of  limited  control  authority  and  rate  need  to  be 
asseseed  through  piloted  simulation. 

AGILITY 

With  beyond-vlsual-range  missiles,  aiT  combat  tactics  are  changing.  All-aspect 
and  of f-horesight  shots,  and  defensive  and  re-attack  capabilities  demand  more  than 
high  speed  for  0  heed-on,  "slashing”  attack.  Quick  pointing,  rapid  acceleration  and 
deceleration,  and  good  turn  capability  —  for  both  sustained  turns  at  high  speed  and 
steady  turns*  with  altitude  or  speed  loss  —  are  needed.  Simulations  have  shown  that 
high  roll  performance  while  loaded,  and  also  beyond  stall,  can  significantly  improve 
combat  effectiveness.  Some  uses  of  agility  and  design  considerations  are  Hated  on 
Table  II,  from  current  Northrop  work  for  us. 

We  are  trying  to  develop  new  metrics  to  quantify  the  requirements,  and  the  Air 
Frrce  Plight  Teat  Center  has  an  Agility  Flight  Test  Committee  Invest 1  get  1 ng  methods  to 
test  for  agility.  Some  of  the  metrics  bear  on  "perf ormance , "  but  handling  qualities 
implications  are  also  apparent.  Also  obvious  are  some  conflicting  design  requirements 
and  some  costs  in  weight,  ccmplexltv,  engine  size,  etc.  The  natural  (though 
unreasonable)  desire  Is  to  have,  without  penalty,  the  most  of  "all  of  the  above" 
capabilities.  While  sustained  turn  capability  continues  to  be  Important,  we  see  a 
growing  realization  of  tba  significance  of  steady  and  instantaneous  capability  In  air 
combat . 


"GLOC"  (loss  of  consciousness  with  rapid  onset  of  normal  acceleration)  and  pilot 
disorientation  In  violent  maneuvers  have  become  new  flying  qualities  concerns.  Pilots 

appreciate  the  AFTI-F-16*s  automatic  dive  recovery^1,  but  further  improvements  seem 
possible. 

The  present  quantitative  requirements  generally  assume  a  linear  system  of 
equations  of  motion.  Through  several  approaches  we  are  examining  large-scale 
maneuvers  which  inherently  Involve  nonlinear  Inertial,  kinematic  and  aerodynamic 
terms.  From  expressions  occurring  In  these  analyses,  we  hope  to  develop  meaningful 
nonlinear  flying  qua  lit  las  parameters .  Nerdman  at  Virginia  Polytechnic  Institute  has 
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applied  Volterra  series  to  a  pull-up  and  wing  rock.  At  Honeywell,  a  dynamic 
23 

inversion  technique  hea  analysed  the  controlled  and  uncontrolled  variables  in  a  roll 
reversal,  a  barrel  roll  and  a  diving  turn  to  suggest  flying  qualities  metrics.  STT 
has  classified  pertinent  flying  qualities  Issues  as;  slrcraf t-cantared ;  tactical,  task 

and  maneuver-centered;  erd  pilot-centered  perceptual  or  control  .  They  applied 
differential  geometry  to  describe  a  helix  and  a  high-speed  yo-yo  maneuver,  and  have 
suggested  Rlccatl  aquation  thaory  as  a  way  to  analyze  "escape"  phenomena  with 
evan-funct Ion  nonllneerl t les .  At  Eldetlcs,  Skow  la  attempting  to  correlate  a  "roll 
agility  paraaater"  with  Increases  In  mission  sf f ectivenes* .  AH  of  these  techniques 
show  promise  of  providing  some  suitable  metrics,  hut  the  work  has  been  of  a 
preliminary  nature. 


*Soae  confusion  In  terminology  baa  been  enconntered.  Here,  "sustained"  turn 
capability  le  thruat-1 lmlted  In  level  flight,  "steady"  refers  to  maximum  steady  lift 
or  limit  load  factor,  and  "Instantaneous"  Includes  dynamic  overshoot. 
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For  ground  attack,  survivability  improves  as  the  time  of  straight  flight  before 
boab  release  is  shortened.  The  AFTI-F-16  has  demonstrated  good  effectiveness  vlth  an 

Autonated  Maneuvering  Attack  System  fAMAS)**,  releasing  the  store  while  maneuvering. 
Vlth  the  predictive  display  provided,  both  nanual  and  automatic  deliveries,  and  pilot 
corrections  during  autonatlc  deliveries,  were  possible.  The  autonatlc  mode  left  the 
pilot  sort  tine  for  other  tasks  such  as  waking  snail  corrections,  looking  for  threats 
and  controlling  airspeed.  Similarly,  bigh-angle-of f  air-to-air  gunnery  can  be  made  an 
effective  tactic  through  pilot  aids  and  a  degree  of  automation. 

As  early  draft  of  MIL-F-8785B  specified  acceleratlon/deceJ oration  capability, 
using  speed  brakes  and  engine  response.  Ve  dropped  all  but  a  Qualitative  requirement 
because  (a)  data  were  insufficient  to  validate  any  numbers  and  (b)  ve  felt  ve  had  no 
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control  ever  the  engine  manufacturers.  Experience  vlth  different  engines  in  the  F-4 
shoved  a  narked  deterioration  in  handling  vlth  a  slower-responding  engine.  Since 
then,  ve  seen  to  hsve  gotten  through  to  engine  manufacturers,  and  designs  are  becoming 
more  Integrated;  hut  still  ve  have  neither  a  quantitative  requirement  nor  a  sufficient 
data  base.  The  in-flight  thrust  reversing  being  considered  for  advanced  fighters' 
rapid  deceleration  adds  significant  weight,  which  demands  more  thrust  and  a  larger 
wing  for  the  sane  sustained  turn  capability. 

Provision  of  adequate  roll  control  has  always  been  a  design  problem.  It  has  been 
difficult  enough  just  to  get  people  to  think  in  terms  of  dynamic  roll  performance, 
time  to  bank  rather  than  steady  roll  rate  or  pb/2V.  Although  the  need  is  to  bank  and 
atop,  that  demonstration  maneuver  is  very  hard  to  do  precisely;  so  our  crlterlcr  calls 
for  rolling  through  the  angle.  Since  ve  have  had  examples  of  roll  dampers  mechanized 
to  change  the  roll  time  constant  when  the  stick  is  deflected,  perhaps  ve  nhould 
reexamine  that  form.  Ve  have  also  observed  that  overly  sensitive  control  or  a  very 
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short  time  constant  can  cause  "roll  ratcheting"  vlth  the  pilot  in  the  loop  In  the 

devslopment  of  MIL-F-8785R,  analytical  studies  shoved  no  particular  benefit  of  rolling 
through  as  much  as  90  or  100  degrees  in  one  second.  Experienced  fighter  pilots, 
however,  insisted  on  keeping  such  a  requirement.  In  MIL-F-8785C,  and  continuing  in 
MTL-STI)- 1 797 ,  ve  have  reemphasized  loaded  rolls  (at  higher  normal  load  factors)  as 
well  as  1-g  rolls. 

Simulator  studies  have  shown  a  decided  air-combat  benefit  of  good  roll  capability 
at  high  anglaa  of  attack.  Such  roll  performance  is  hard  to  achieve,  however.  Even  at 
low  angles  of  attack,  good  fighter  roll  capability  calls  for  large  control  surfaces 
and  extra  wing  structural  weight.  Roll  performance  naturally  tends  to  fall  off  at  low 
speed  (the  roll-mode  time  constant  varies  inversely  with  speed,  while  pb/2V  is 
invariant).  At  high  angle  of  attack,  moreover,  roll  controls  tend  to  produce 
slgnl f lesnt  yawing  momenta;  either  adverse  or  favorable  yaw  can  be  troublesome.  A 
greater  challenge  is  to  find  a  way  to  avoid  pitch  and  yaw  departures  due  to  inertial 
roll  coupling  without  seriouslv  restricting  roll  performance.  At  even  higher  angles 
of  attack,  beyond  stall,  rolling  about  the  velocity  vector  requires  more  yawing  than 
rolling  from  body-axl e-or lanted  control  effectors;  and  leas  effective  aerodynamic 
controls  muat  be  supplemented  with  thrust  vectoring  or  other  reaction  controls. 

Presently,  no  particular  roll  axla  ia  specified.  The  best  axis  will  depend  on 
the  task,  and  possibly  on  the  configuration  as  well.  Most  generally,  a  desire  to 
minimize  sideslip  would  place  the  roll  axis  along  the  flight  path.  For  gunnery, 
however,  a  roll  axla  above  the  reticle  causes  an  initial  reverse  movement  of  the 
reticle  when  rolling  onto  a  target;  in  that  case,  rolling  about  the  sight  axis  or  the 
gun  line  seems  beat.  Roll-control  and  roll-rate  Inputs  to  the  rudder  can  adjust  the 
roll-axis  orientation*.  At  high  angles  of  attack,  a  pilot  located  above  a  flight-path 
roll  axis  will  get  large  lateral  acceleration  in  abrupt  rolling  maneuvers;  and  during 
a  roll,  he  will  see  the  nose  slew  with  respect  to  an  outside  reference.  Of  course,  if 
direct  side-force  control  Is  available,  the  roll  axis  can  be  moved  up  to  the  cockpit, 
atlll  parallel  to  tha  flight  path.  An  overriding  consideration  may  be  to  orient  the 
roll  axla  to  minimize  inertial  coupling,  making  more  rapid  rolls  feasible  without 
losing  control.  This  too  could  Induce  design  penalties  for  larger,  more  effective 
directional  control  surfaces. 

The  dutch  roll  requirements  are  fairly  adequate  for  general  flying,  but. have  been 
found  deficient  for  aggressive,  precise  maneuvering  as  in  target  acquisition.  Higher 
damping  (around  0,7  critical)  than  required  helps  fine  tracking,  but  it  also  slows  tha 
response  during  rapid  maneuvering.  For  the  A-10,  s  derived  aldesl ip-rete  feedback  now 
allows  both  good  damping  and  rapid  response  for  rapid,  highly  predictable  alignment  in 
weapon  delivery.  The  experimental  PTGITAC  A-7D  incorporates  this  and  a  nonlinear  yaw 
damper.  Pilots  slao  have  appreciated  nonlinear  pitch  damping  on  RAE's  experimental 
Hunter  and  our  AFT1-F-I6  for  agility  plus  good  damping  for  fine  tracking.  These 
aircraft,  however,  being  point  designs,  have  not  furnished  sufficient  data  to  write  a 
general  requirement.  With  quick,  accurate  response  to  large-amp! itude  commands  plus 
Inherently  excellent  fine  tracking  capability,  integration  of  flight  and  fire-control 
systems  la  eaaad,  or  tha  need  for  automation  reduced. 


*A  caution:  with  pa  fad  to  the  rudder  to  induce  roll  about  the  stability  axis, 
one  fighter  experienced  auto-rolls  whan  inverted. 


6-7 


I 


k 


MIL-STD-1797  ««k»a  provlaloa  for  diract  fore*  control*  bat  criteria  are  minimal. 
In  AFTI-p-16  experience,  prectleal  aieunta  of  heave  control  gave  only  a  email 
improvement  in  capability  (although  automation  of  fire  control  modes*  ouch  aa 
polnt-and-ehoot ,  might  prove  more  fruitful).  The  major  beneflta  mere  In  ride 
qualities  end  In  quickening  the  normal-aecelerat 1  on  reaponae  to  pitch  control. 
Laterally*  direct  force  control  vaa  found  ueeful  In  a  wlnge-level  turn  mode  for  making 
corrections  during  tracking.  Hob's  bandwidth  criterion  vaa  first  derived  for  euch 
applications*  In  which  a  uore-or-less  universally  applicable  criterion  la  needed  for  a 
broad  range  of  ye t-poorly-def leed  nees.  In  practice*  the  utility  of  direct  force 
controls  nuet  be  balanced  against  their  added  drag,  weight  and  complexity. 

LOMCITBDIWAL  DYNAMICS 

Mo  doubt*  in  the  laot  few  years  more  research  effort  baa  been  epent  on 
longitudinal  dynamics  than  on  any  other  aspect  of  flying  qualities.  A  number  of 
researchers  have  proposed  criteria  which  appear  to  have  merit*  but  to  date  wc  have  not 
been  able  to  settle  on  one  set  in  which  we  have  enough  confidence  to  apply 
universally. 

For  the  short-term  response  MIL-STD-1797  keeps  ftlhrle's  Control  Anticipation 
Parameter  (CAP2®,  the  ratio  of  Initial  pitching  acceleration  to  steady  normal 

acceleration,  or  alternatively  »2  /(n/a)]  along  with  damping  and  sensitivity,  and  a 

■P 

limit  on  the  equivalent  time  delay  (the  lower-frequency  effects  of  added  dynamics* 
delays  from  digital  computation*  etc).  Fhugold  damping  and  dy/dV*  a  measure  of 
"back-eldedneae continue  to  specify  the  long-term  response. 


excessive  time  delay  la  a  common  cause  of  pilot-induced  oscillations.  because  a 
pilot  senses  stick  or  column  deflection  aa  well  aa  force,  he  seems  able  to  discount 
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any  part  of  the  response  delay  caused  by  the  feel  system  ;  the  requirement  takes  that 
into  account.  Also*  preliminary  tracking  studies  show  pilots  more  tolerant  of  delays 
in  the  display  than  in  aircraft  response.  Conservatively*  the  time  delay  is 
restricted  to  values  which  do  not  appreciably  affect  pilots*  ratings  for  fighter 
aircraft.  Phase  lag  over  a  task-related  bandwidth  might  be  a  better  criterion: 
allowable  delay  also  varies  with  control  sensitivity. 

These  parameters  correlate  fairly  well  the  date  base  for  aircraft  that  respond  In 
the  classical  manner.  Specifying  an  equivalent  classical  system  with  time  delay*  many 
heavily-augmented  aircraft  correlate  fairly  well  too.  The  actual  response  le  matched 
over  the  range  of  effective  pilot  inputs,  roughly  0.1  to  10  rad/see*  or  for  the  first 
few  seconds  In  the  time  domain.  The  standard's  handbook  gives  several  alternative 
requirements  to  handle  cases  that  do  not  fit  well. 

An  alternative  Interpretation  of  CAP  applies  purely  to  the  pitching  response: 
n/a  Is  spproxlmetsly  (V/g) • (1 /Te?)  (1/T^  Is  the  higher-frequency  into  of  the 

pltch-reepnnse-to-pltch-conmand  trenefer  function).  If  the  l/T^  from  matching  the 

pitch  response  varies  significantly  from  the  value  obtained  bv  simultaneously  matching 
pitching  end  normal  acceleration,  data  Indicate  that  flying  qualities  are  suspect. 

Glbeon3®'  2  has  developed  another  frequency-response  criterion*  with  bownds  which 
stress  ample  attenuation  end  slow  drop-off  of  pitch-attitude  phase  response  at  -180 
deg  pheee,  and  avoidance  of  both  sluggishness  end  bobble  tendency  In  pitch.  Me 
emphasises  time-response  criteria*  however.  Me  requires  positive  dropbaek  (Figure  8), 
but  limits  Its  magnitude  ard  duration  for  fine  tracking;  end  he  bounds  normal- 
acceleration  lag  and  overshoot  In  response  to  step  convands. 

In  ground-based  simulator  evaluations,  McDonnell's  first  flight  control  system 
design  for  the  STOL/Maneuverlng  Technology  Demonstrator  F-15,  to  MTL-F-8785C  criteria* 
was  good  In  general  maneuvering*  but  downreted  for  fine  tracking:  e  pitch  bobble 

tendency  wee  noted3*.  They  found  that  Gibson's  dropbeck  criterion  seemed  to  explain 
the  pilots'  comments.  A  redesign*  substituting  e  larger  pi tch-numerator  inverse 
time-constant  (by  adding  e  lag-lead  filter),  met  the  dropbeck  criterion.  Subsequent 
simulator  evaluations  showed  "vastly  Improved"  tracking*  with  a  quite  tolerable  amount 
of  ”g-creep"  in  the  normal-acceleration  response. 

Some  ueeful  short-term  criteria  Involve  only  the  pitch  response.  One  of  these  is 

w  Ta, :  log  *»  -  log  1/Ta,  Is  the  (logarithmic)  length  of  the  eeperetlon  between 

sp  wz  sp  r*z 

1/Ta<1  and  w  _  (Flgurs  9);  also,  w  T..  Is  s  measure  of  the  pitch-rate  overshoot  to  s 

WZ  Sp  SP  8/ 

step  input*  or  the  leg  of  normal  acceleration  behind  pitch  rate.  Date  that  correlate 
with  CAP  generally  correlate  with  as  well. 

Moh  has  proposed3'  1  e  task-dependent  aircraft  bandwidth  with  good  phase  end  gain 
margins  aa  a  fairly  generally  applicable  criterion  for  dynamic  flying  qualities.  A 
pilot  should  not  hava  to  work  bard  to  achieve  the  needed  pilot-vehicle  bandwidth;  and 
ha  may  object  to  a  vary  abrupt  responaa.  For  pitch  attltnda  reaponae  (Figure  9)*  be 
bounds  a  region  of  bandwidth  and  an  approximate  time  delay  measured  from  the  frequency 


w 
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rMponi# .  While  the  concept  le  Inviting,  in  some  ereee  this  criterion  end  CAP  ere 
mutually  exclusive.  Never eheleee ,  for  hlgh-order  systems  the  bandwidth  criterion  le 
easily  applied  and  worth  checking. 

Chalk's  reconnendet ions  for  supereoalc-erul ee  aircraft  pitch-rate  response32  are 
In  the  tine  domain.  Por  the  responee  to  e  step  connand,  he  bounds  the  transient  peek 
ratio,  rise  tine  end  effective  delay.  These  ere  essentially  a  translation  c.* 

Reference  ?'•  f requency-domaln  criteria  Into  the  tine  domain.  While  the  requirements 
can  be  applied  directly  to  nany  higher-order  systems,  large  departure  from  a 
second-order  response  can  still  cause  difficulty  In  interpretation. 

The  Neel-Smlth  criteria  have  found  considerable  use.  As  modified  by  Calspan32, 
using  a  pilot  model  of  given  form  and  a  0.25-sec  time  delay,  but  with  Its  other 
parameters  free,  the  closed-loop  pilot-vehicle  system  must  achieve  a  task-dependent 
bandwidth  (here  the  frequency  for  90  deg  phase  lag,  closed-loop)  with  no  more  than  3dB 
resonance  for  Level  1  and  3dB  of  droop  at  lower  frequencies.  These  criteria  appear  In 
Figure  10.  Chalk  Indicates  that  additional  considerations,  not  specified,  are  the 
avoidance  of  a  need  for  large  pilot  lead  and  the  retention  of  stability  with 
reasonable  variations  from  optimum  pilot  parameters. 

While  extensive  augmentation  often  does  not  prevent  a  good  match  In  the  short 
term,  adding  proportional -plus-integral  compensation  in  the  forward  loop,  for  example, 
will  alter  the  lower-frequency  response.  Such  compensation  Is  commonly  used  to 
stabilise  an  Inherently  unstable  beelc  airframe.  The  phugold  motion  can  be 
effectively  suppressed,  but  the  steady-state  response  may  not  he  like  that  of  a  simple 
airplane.  With  pitch-rate  feedback,  unless  the  integrator  lead  sero  Is  close  to 
1/Tg2,  the  flight  path  will  not  follow  pitch  attitude  In  the  normal  manner,  which  le  a 

simple  first-order  lag.  (For  a  step  commend,  a,  which  1»  0  *  f,  will  not  settle  at  e 
new  constant  value  but  Instead  will  reap  off).  See  Figure  11.  Also,  the  aircraft 
will  hold  attitude  rather  then  angle  of  attack,  so  that  the  pilot  may  have  to  push  to 
lower  the  nose  after  flaring  to  lend.  With  the  resulting  neutral  speed  stability, 
angle  of  attack  le  sometimes  fed  beck  in  order  to  furnish  etall  protection  --  at  least 
near  atoll  angles. 

Otherwise,  neutral  speed  stability  Is  desirable  In  many  applications:  it 
prevents  large  trim  changes  with  speed.  Likewise,  pilots  appreciate  such  added 
features  as  pitch  compensation  In  turns  at  up  to  moderate  bank  angles.  As  yet,  theee 
helps  are  not  covered  by  our  flying  qualities  requirements. 

The  options  cited  for  short-term  resporse  are  Included  In  the  handbook. 

Additional  longitudinal  response  criteria  for  approach  and  lending  have  been  proposed 
recently. 

Cel  span3  3  has  formulated  an  empirical  pilot  rating  function  on  the  besle  of 
evaluations  in  the  TIPS  variable-stability  airplane.  Rased  on  e  step  pilot  Input,  the 
predicted  rating  le  e  function  of  (1)  engle-of-ettack  response  ramping,  (2)  e-response 
time,  (3)  the  pilot's  normal-acceleration  cue  from  pitching  acceleration  (for  e 
cockpit  not  at  the  lnetentaneoua  center  of  rotation),  (A)  control  sensitivity  and  (5) 
effective  time  delay. 

For  carrier  landings,  Heffley3*  compares  the  time  lags  in  airspeed  end  glldeslope 
("essentially  T^j  and  reap)  to  the  time  available  following  rollout  onto  final 

approach  (normally  about  15  or  20  sec  or  3 fk  nautical  mile).  Hie  analysis  assumes 
pilot  closure  of  an  inner  pitch  loop,  then  use  of  pitch  attitude  end  thrust  to  control 
airspeed  and  glldeslope.  In  ground-based  simulations,  pilot  retlnge  correlated  with 
gl Ideelope *leg  end  airspeed  lag,  or  with  a  single  "exceee  time  ratio." 

After  Investigating  verloue  pilot  loop  closures  In  lending33,  researchers  at  NASA 
Amee-Dryden  found  an  open-loop  metric  giving  excellent  correlation  with  several  data 

seta3*.  For  s  step  commend  removed  after  five  seconds  (analogous  to  a  flare),  pilot 
rating  deteriorates  with  increasing  peek  overshoot  of  fllghtpeth  angle. 

Pitch  control  of  the  apace  shuttle  orblter  has  received  much  attention.  After 
Initially  noting  a  pilot-induced  oscillation  tendency,  extensive,  continual  training 
bee  resulted  In  very  good  lending  performance  (smooth  landings  with  smell  dispersion, 
mostly  on  long  runways,  in  smooth  sir).  Contributing  to  the  difficulty  ere  a  rather 
large  time  delay,  the  ptlor  location  behind  the  lnet anteneoue  canter  of  rotation,  and 
added  normal-acceleration  leg  from  reducing  the  pitch-rate  overshoot.  In  in-flight 

(TIFS)  end  moving  ground-baaed  (NASA  Ames  VMS)  evaluation.32,  the  trained  shuttle 
orblter  pilots,  however,  actually  preferred  their  nominal  system  to  modified  eyetems 
with  more  overshoot.  The  other  participating  pilots  found  only  the  modified  dynamics 
Instinctive  end  netursl  to  fly. 

"One  interpretation  of  the  astronauts*  technique  le  they  have  learned  to 
compensate  for  the  lack  of  initial  cockpit  cues  by  performing  ths  landing  task 
primarily  melag  the  visual  cues  of  pitch  attltmde  and  attltmda  rate...  The  attltnde 
can  then  be  used  to  provide  considerable  lead  In  determining  the  nteady-ntnte 
flight-path,"  whereas  for  the  other  pilots,  "direct  observation  of  fllghtpeth  (or  sink 


6-9 


rate)  derived  from  visual  as  wall  aa  kinematic  com  appeared  to  ba  tha  primary  control 
variable. * 

CONCLUDING  REMARKS 

Ideally,  flying  qualities  raaaarch  develops  criteria  through  a  auccaaalon  of 
pilot-vehicle  anelysle  and  lncressiagly  datallad  evaluations  by  pilot*  In  ground-based 
and  ln-f light  simulators,  ultlaataly  checked  by  flight  teat.  To  date,  alaoat  all 
aucceeaful  criteria  have  been  atated  in  teraa  of  paraaetera  of  the  augaeated  aircraft. 
While  the  analytical  approach  haa  on  occaalon  been  quite  helpful  aa  a  dealgn  tool.  Ita 
acceptance  for  apeclf Icatlon  uae  doea  not  yet  appear  laalnent.  We  do  encourage  Ita 
further  developaent  and  uae  for  early  dealgn  analyala  of  aultabllltv,  and  aa  a 
development  and  trouble-ehoot Ing  tool. 

Neither  la  flying  qualltlaa  apeclf Icatlon  In  teraa  of  tank  performance 
(probability  of  kill,  touchdown  dlaperalon.  etc)  aultable.  for  two  reaaona. 

Quant  1 f Icatlon  of  pilot  workload  In  alaelon-related  teraa  la  elualve.  and  auch 
■eaaurea  lncraaaingly  Involve  aany  factora  unrelated  to  flying  qualltlaa  aa  aore 
different  aubayateaa  bacoae  Involved. 

Generally,  we  therefore  continue  the  traditional  approach  of  opacifying 
churacterlatlca  of  the  (augaented)  aircraft  itaelf.  Overall  eultablllty  for  dealgn 
alanlona  la  evaluated  In  detailed  alaulatlona  and  eaphaalaed  In  the  flight  teat 
prograa. 

A  nuaber  of  flight  control  ayataa  dealgnera  have  been  reluctant  to  uae  the 
MIL-F-8  785  flying  qualltlea  requlreaenta  to  deteralne  ayataa  behavior,  feeling  that 
they  do  not  apply.  MIt-STD-1797  atteapta  to  ohow  where  and  how  Ita  requlreaenta  do 
Apply*  and  wa  ara  purauing  developaent  of  design  helps.  Wa  thua  hope  to  avoid  aoaa  of 
the  pltfalle  that  ha va  baen  encountered. 

With  increasingly  couple*  aircraft,  failures  that  affact  flying  qualltlaa  at  all 
are  liable  to  cause  degradations  In  aavaral  qualltlaa.  Our  data  baas,  on  tha  othar 
hand,  ganarally  considers  one  degration  at  a  tint.  Currant  raaaarch  at  STI  seeks  to 
datarwlne  ganaral  procedures  for  handling  multiple  dagradat lona .  Consldarlng 
multi-axis  tasks,  both  an  optlwal  control  nodal  and  a  product  rula  for  predicting 
pilot  rating  of  two  or  tore  failures  show  promise.  So  tea  results  using  the  optlwal 
control  nodal  are  given  In  Reference  38.  For  substitution  of  available  alternata 
control  effectors  In  the  event  of  a  failure,  nore  needs  to  ba  known  about  tolerance  to 
unusual  cross-axis  coupling. 

Hypervelocity  flight  Introduces  new  denanda  for  accurate  control  of  attitude  and 
flight  path  In  ordar  to  bound  aerodynanlc  hasting,  navigation  errora  and,  possibly, 
angina  paraaetera.  Tha  pilot's  role  la  aa  yet  poorly  defined  for  "aerospaceplane" 
nieelons,  hut  fron  experience  the  pilot  likely  will  have  at  least  a  monitoring  and 
backup  function  In  all  flight  phases. 

To  ovarcona  tha  raaalnlng  shortconlnga  and  gapa  in  the  MIL-STD-1797  requirements, 
simulation  will  continue  to  be  an  Indispensable  dealgn  aid.  For  many  tasks, 
ground-based  simulation  la  adaquate.  Ita  principal  shortcomings  remain  tba  missing, 
minimal  or  apurlous  motion  cues,  which  can  give  misleading  results  for  aoma  teaka,  and 
lnadaquata  resolution  and  often  restricted  field  of  view  for  flight  cloaa  to  tha 
ground.  Visual  and  motion  time  delays  In  the  simulator  can  ba  measured;  they  may  or 
may  not  ba  tolerable.  Direct  comparison  of  in-f light  (TIF8)  and  limited-motion 

ground-baaad  (NASA  Langlay  VMS)  simulation^*  confirms  that  (1>  generally,  good 
correlation  axlata,  (2)  ground-haead  simulation  may  not  ahow  pilot-induced  oscillation 
tendencies  observed  in  flight,  and  (3)  touchdown  sink  rate  fa  about  3.5  ft/aec  greater 
on  tha  ground-based  simulator. 

ITntll  now,  we  have  tried  to  write  requirements  which,  while  assuring  good  Myfng 
qualities,  do  not  overly  burden  the  design  to  achieve  an  optimum.  With  a  data  base 
that  until  recently  constated  entirely  of  the  classical  response  of  unaugmented 
aircraft,  va  have  wanted  to  minimis#  tha  coat  (funds,  weight,  drag,  complexity,  design 
effort)  of  opacification  compliance.  These  coats  are  becoming  even  more  significant, 
hut  a  combination  of  more  demanding  operational  needs  and  enhanced  flight  control 
capability  drlyea  us  to  seek  greater  mission  ef f actlvanasa  through  more  comprehensive 
solutions.  Unaided,  no  alrfrece  can  accomplish  some  necessary  missions  or.  indeed, 
survive . 


We  need,  of  course,  to  define  flying  qualities  that  will  demand  tha  least  from 
the  pilot  while  enabling  him  to  do  the  beat  possible  job.  In  addition  to  traditional 
flying  qualltlaa,  this  will  Involve  coupling  with  other  subsystems,  the  character  and 
dynamics  of  displays,  and  at  least  a  degree  of  automation  of  piloting  functions. 
Requirements  need  tailoring  to  specific  tasks  inyolved  in  terrain  follovlng/terraln 
avoidance,  STOL  operation  including  ground  handling,  precision  weapon  delivery,  threat 
avoidance,  air  combat  in  an  expanded  flight  envelope,  ate,  for  normal  operation  and 
for  handling  failures.  Battle  damage  and  possible  f 1 Ight-eontrol  reconfiguration  pose 
similar  concerns. 


jk 


An  emerging  aircraft  btcon  ior«  complex,  pilots  and  other  crew  r«*bers  rely  more 
heavily  on  the  visual  cues  provided  by  cockpit  display  systems.  Past  research  has 
concentrated  on  determining  appropriate  display  content  and  format.  However,  displays 
may  still  fail  to  reduce  crew  workload  and  may  even  Increase  it.  Until  recently, 
designers  failed  to  take  into  account  the  dynamics  Introduced  hy  cockpit  displays, 
modeling  the  closed-loop  system  using  only  the  pilot  srd  aircraft  with  ita  flight 
control  system.  Our  work  has  damonstrated  that  display  lags,  bandwidth  and  damping  do 
impact  system  performance,  pilot  workload  and  perceived  flying  qualities,  in  a 
task-dependent  manner.  Both  experimental  and  analytical  approaches  are  still  at  a 
fairly  rudimentary  stage. 

The  scope  of  flying  qualities  is  expanding  to  account  for  Improvements  in  flight 
control  mechanization,  automation  to  reduce  pilot  workload,  and  Integration  of  flight 
control  and  other  subsystems.  Such  niceties,  of  course,  must  be  applied  selectively 
and  shown  to  be  worth  their  cost.  Post  Important,  this  design  integration  requires 
close  teamwork  among  a  number  of  technical  dlaclplinaa  and  the  pilot  community. 
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TABLE  I.  REQUIRED  CONTROL -MARGIN  INCREMENTS 


Flying  Quality 

AapQ/anc  »  57.3  CAP'/Ma  deg/g  (for  Teff  <  0.05) 

Stabilization 

l/Tjp  •  1/Tsp^ 

4»st*b/*"c  57-3  Ma  •  l/Te,  ites/g  (linear.  2  DOF) 

Turbulence 

•a/**  fn  of  Ma,  «spc]»  <spcl»  structural  modes 

-  most  severe  at  low  If 

-  3 «a  and  for  severe  turbulence  recommended 

Sensor  Noise 

Fn  oF  Ks>  Kf.  u,.  1/T,.  “»pcl>  (»Pc1«  “P0l 

Flying  Quality 

«FQ/nc  *  57.3  CAP/(Ma»Teff)  for  desired  CAP 

Stabilization 

istab/ic  K  *FQ/hc  If  ECS  stability  margins  OK  ft  ^ 

^stab/'ic  En  of  i/Teff,  l/Tsp,,  “spcl*  <spcl 

Turbulence 

*a/®w  fn  of  l/Ta,  «$pcl»  <spcl* 

-  Most  severe  at  low  q 

-  3ai  recommended  for  control  margin 

Sensor  Noise 

«4/»s  ■  KsKf’Fn  (u$,  l/T*  *10.  for  low  up,  :  «jp  ,, 

“SPC1>  <spcl> 

-  These  parameters  are  not  all  Independent 

-  3aa  recommended  for  control  margin 

inc  Is  the  commanded  Increment  of  normal  acceleration 

1/T,  is  the  unstable  pole  of  the  transfer  function  (negative;  1/sec) 

iso  ,  1*  The  2-deg-of-freedom  product  of  the  poles,  1/sec 
Kol 

*sp  *nd  <Sp  are  the  closed- loop  frequency  and  damping  ratio  of  the 
cl  cl 

short -period  mode 

CAP  Is  q0/inw,  CAP'  Is  qmaX/An- 

Is  the  sensor  bandwidth 

Ks,  Kp  are  the  sensor  and  forward- loop  gains 

crs,  <rw  are  the  mrs  Intensities  of  sensor  noise  and  vertical  gusts 

i.c  Is  the  crossover  frequency  of  the  d/nc  transfer  function 

Teff  Is  the  effective  time  constant  of  conmand-path  plus  forward-path 
control-loop  elements  (such  as  pref liters  and  actuators) 

Ta  Is  the  time  constant  of  the  actuator  ram 


TABLE  II-  AGILITY  CONSIDERATIONS 


Capability 

Operational  Utility 

Vehicle  Impact 

•  1  ligli  Anglo  of- Attack/ 

Post  Stall  Maneuvering 

•  Good  for  all  aspect  misslo  pointing 

•  Poor  many-on- many  tactic 

•  Requires  Propulsive  force  and 
moment  effectors 

•  Rapid  Acceleration/ 
Deceleration 

•  Excellent  lor  both  defensive  and 
offensive  maneuvering 

•  Requires  thrust  reversing 

•  Quick  Energy  Recovery 

•  Essential  lor  survivability  in 
many-on-many 

•  Improves  utility  ol  low  speed 
maneuvering 

•  Rapid  f/irusf  onset 

•  High  Thrust  /weight 

•  High  g  (9*  )  Maneuvering 

•  Outperform  adversary 

•  lligh-g  cockpit 

•  Pilot  loss  of  consciousness 
protection 

•  High  Sustained  Turn  Rate 

•  •  Turning  Advantage 

•  High  Thrust 

•  High  Mach  ( 2.2*)  flight 

•  Sliorl,  slaslting  engagement  lor 
survivability 

•  High  thrust 

•  Variable  Inlet 

hi 


REGION  OF 
DEPARTURE 


TYPICAL  PLOT- 


Figure  9 .  Definition  of  Bandwidth 

Frequency  <u  from  Open-Loop 
Frequency  Response 


Figure  10.  Design  Criteria  for  Pitch 
Dynamics  with  the  Pilot  in 
the  Loop 


Figure  11.  Frequency  end  Tlae  Ferpotee  Comparison 
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ABSTRACT 

The  modeling  of  the  huaan  pilot  behavior  plays  an  Important  role  In  the  preliminary  analysis  of 
aircraft  handling  qualities.  This  is  especially  true  when  the  designer  Is  confronted  with 
non-convent ional  aircraft  dynamics,  tasks  an d/or  lack  of  sufficient  handling  qualities  data-base.  The 
present  paper  reviews  one  modeling  technique  which  was  developed  In  the  early  1970* a  and  has  been  widely 
used  since  then:  the  optimal  control  model  of  the  hiaan  pilot  (OGM).  The  model  has  been  validated  in  a 
number  of  tasks  and  used  in  the  analysis  as  well  as  the  synthesis  of  manual  control  loops.  The 
capabilities  of  the  model  are  evaluated  in  the  pilot  rating  (PR)  prediction.  In  the  analysis  and  in  the 
synthesis  of  pllot/vehlcle  control  loops  from  the  handling  qualities  standpoint. 

I .  INTRODUCTION 


The  first  Integrated  attempt  to  describe  the  behavior  of  the  human  pilot  in  an  optimal  control 
theoretic  framework  was  by  Kleinaan,  Baron  and  Levlaon  [1]  in  their  two-part  work  pul  II  shed  by 
Automat lea  in  1970.  Since  then,  the  optimal  control  model  of  the  human  pilot  (OCM)  has  been  used, 
without  substantial  modifications,  in  a  variety  of  applications  ranging  from  pilot  modeling  to  rating 
evaluation,  from  visual  control  loop  analysis,  including  additional  dynamic  elements,  to  loop  synthesis 
in  cases  when  there  was  not  enough  handling  qualities  data-base  available. 

The  study  and  modeling  of  the  human  pilot  behavior  has  its  modern  origins  in  the  late  194d*a  with  the 
work  by  Tustln  (2) .  Since  then,  the  model  development  has  followed  over  the  years  the  Introduction  and 
usage  of  control  theory  techniques,  with  appropriate  modifications  to  accommodate  the  peculiarities  and 
limitations  of  the  human  operator.  The  most  immediate  result  has  been  the  development  of  classical, 
frequency  domain  based  models,  which  have  evolved  from  rather  simple  lead-lag  compensators  using 
describing  function  techniques,  to  the  more  complex  crossover  and  structural- isomorphic  models  [3J.  A 
detailed  discussion  on  this  topic  has  been  addressed  in  previous  lectures  of  this  scries. 

The  development  of  the  OCM  follows  a  similar  path.  Optimal  control  theory  and  estimation  has  had  a 
major  impact  on  the  control  design  community,  after  the  early  work  by  Kalman  and  others,  especially  in 
the  aerospace  arena  where  the  algorithmic  M1M0  nature  of  linear  quadratic  gausslan  control  (LQC)  furnished 
a  powerful  systematic  tool  for  synthesizing  complex  highly  coupled  controllers  envisioned  for  the 
development  of  modern,  high-performance  aircraft.  The  optimal  control  model  of  the  human  pilot 
represented,  therefore,  a  natural  extension  to  manual  control  of  time  domain  techniques  which  appeared  to 
be  useful  In  treating  a  variety  of  situations  arising  in  piloting  a  highly  coupled  dynamic  system,  from 
multi-axis  control  to  multi-tasking  and  complex  mission  management. 

Although  the  use  of  OCM  as  an  algorithmic  tool  has  not  posed  particularly  difficult  problems,  the 
optimal  control  nature  of  the  method  carried  out  both  the  advantages  and  disadvantages  already  known  In 
the  application  of  the  same  theory  to  the  synthesis  of  automatic  controllers.  In  particular,  one  of  the 
difficulties  of  the  OCM  has  bean  the  translation  of  the  pilot*s  objectives  into  a  robust  quantitative 
functional  whose  minimisation  produces  the  operator's  control  strategy.  On  the  other  hand,  the  general 
structure  mf  the  model  was  partlcualrly  attractive  because  of  the  number  of  applications  it  would  allow. 
Originally,  the  OCM  was  used  In  a  very  straightforward  way  as  a  model  of  the  pilot's  continuous  control 
action  during  tracking  tasks  typical  of  many  phases  of  the  mission  of  an  aircraft.  Comforting  agreement 
with  experimental  data  was  found  (1)  especially  when  dealing  with  compensatory  tracking*  Research  Is 
still  ongoing  for  multi-axis  manual  control  [4|  due  to  the  lack  of  data-base,  as  will  be  pointed  out 
later  la  the  paper. 

Due  to  the  structure  of  the  model  (see  next  section),  OCM  can  be  modified  to  treat  decision-making 
problems  by  considering  the  eat last ion/ predict Ion  section  of  the  model  (SJ  as  the  output  instead  of  the 
control  strategy  (now  a  pre-aaelgaed  decision  rule). 

The  optimal  cootrol  model  of  the  huaan  pilot  has  been  applied  mainly  with  regard  to  aircraft  flight 
control  and  dynamics,  both  as  a  predictive  as  well  as  analytic  tool  ad  some  of  the  applications  will  be 
described  and  cowan  ted  on  later.  The  paper  Is  organised  as  follows:  the  next  section  contains  a  review 
of  the  mathematical  background  of  the  model,  including  some  extensions  uses  for  particular  applications 
and  the  status  of  the  computer  codes  used  for  the  implementation.  Section  3  includes  some  validation 
exemplaa  and  analytas  the  capabilities  of  tha  model  to  give  pilot  rating  (PR)  Information  in  a 
quantitative  manner  and  the  matching  with  experimental  data.  Sections  4  and  5  describe  the  use  of  OGM  In 
a  closed- loop  pllot/vehlcle  framework.  In  this  context,  applications  to  display  analysis  and  synthesis, 
workload  evaluation,  time  daisy  af facta,  attention  allocation  analysis  and  cooperation  stability 
augmantatlon  synthesis  techniques  will  be  outlined.  Finally,  some  conclusions  end  comments  will  be  given 
in  Section  6. 
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Figure  1.  OCM  Block  Diagram  (3] 


2.  MODEL  KKVIEW 

In  this  section,  the  mathematical  formulation  of  the  optimal  control  model  will  be  reviewed,  together 
with  the  implementation  of  the  major  human  operators  character  la  tics.  The  following  derivation  will  be 
based  on  Figure  1,  which  shows  the  block  dlagrsm  of  the  model* s  components. 

The  optimal  control  nature  of  the  model  arises  from  a  basic  assumption  of  the  pilot's  behavior;  that 
is:  a  "well  motivated,  well-trained  human  operator  behaves  In  a  near  optimal  manner  subject  to  his/her 
Inherent  limitations  and  constraints,  and  knowledge  of  the  control  task"[l).  In  this  context,  the 
application  of  standard  optimal  control  techniques  requires  the  additional  hypotheses  of:  1)  linearised 
representation  of  the  plant  dynamics  to  be  controlled  and/or  monitored,  2)  a  stochastic  model  of  the 
disturbances  feeding  the  system,  3)  a  linear  representation  of  the  sensory  information  utilised  by  the 
pilot  during  his/her  action. 

The  structure  of  the  model,  as  shown  in  Fig.  1,  Is  completed  by  Introducing  those  Items  characterising 
the  human  limitations  constraining  the  pilot's  behavior.  Basically,  these  limitations  comprise  the 
properties  of  the  sensory  Information,  herein  named  as  "display  vector,"  the  ability  of  reconstructing  the 
state  of  the  system,  the  Inability  to  generate  noise-free  commands  and  a  constraint  on  the  bandwidth  of 
his  commands.  The  display  vector  Is  the  perceptual  component  of  the  OCM  and  It  Is  characterised  by  a 
linear  combination  of  the  system's  states,  Including  all  the  potentially  relevant  cues  such  as  traditional 
symbolic  display  information,  visual  scene  and  outside  world  cues.  It  Is  well  known,  from  experiments, 
that  the  pilot  Is  able  to  associate  velocity  information  with  moving  displays  and  this  should  also  be 
taken  into  account  In  the  construction  of  the  display  vector.  Part  of  the  so-called  remnant  Is  modeled  In 
the  OCM  by  adding  an  observation  white  noise  process  to  the  display  vector,  which  accounts  for  limitations 
such  as  perceptual  resolution,  image  processing  and  attention  sharing.  The  displayed  vector  Is 
additionally  modified  by  adding  an  observation  delay  due  to  human  processing  limitations. 

The  other  component  of  the  pilot's  remnant  Is  modeled  in  the  OCM  by  a  white  noise  process  called  motor 
noise,  which  takes  Into  account  the  Imperfection  of  the  command  and  It  la  additive  to  the  control  action. 
It  has  been  shown  that  the  importance  of  the  motor  noise  depends  upon  the  application  (1]  alt hoi* h  its 
presence  Is  "heur 1st leal ly"  necessary  since  the  operator  Is  not  able  to  generate  a  perfect  estimate  of  the 
control  Input. 

The  physical  limitation  of  the  pilot's  bandwidth  is  Introduced  via  a  first  order  lag  that.  In  the 
model,  is  formally  the  direct  consequence  on  the  penalty  in  control  rate  activity.  This  term  is  also 
known  as  the  neuromotor  lag  end  it  can  also  be  associated  to  subjective  constraints  self-imposed  by  the 
pilot  in  order  not  to  make  rapid  control  movements. 

The  pilot's  capability  of  reconstructing  the  state  of  the  dynamics  he  Is  controlling  Is  the  central 
element  of  the  model.  Based  on  the  delayed,  noisy  information  from  the  display  vector.  It  Is  assumed  that 
the  operator  possess  an  internal  model  of  the  system  and  forcing  disturbances.  This  translates 
mathematically  in  two  components:  an  estimate  of  the  system's  delayed  states  and  a  prediction  of  their 
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behavior  in  real  tine.  Once  the  state  reconstruction  la  performed,  the  optical  control  model  chooaaa  Ua 
cont rol  strategy  based  upon  a  combination  of  two  major  objectives,  that  la  tba  tank  performance  and  tba 
aao uat  of  workload  oaadad  In  ordar  to  accoMpllah  tha  tank  la  a  satisfactory  wannar.  Tha  quantification  of 
tba  above  objectives  la  critical  to  tha  successful  Modeling  of  tha  operator's  behavior  since,  aa  shown  In 
tba  next  paragraph,  tha  nodal's  control  strategy  la  computationally  dependent  upon  the  af orenent loeed 
object lvas • 

Tha  Mathematical  development  of  tba  OCX  Is  briefly  reviewed  at  this  point.  Tha  plant  dynamics  to  ba 
controlled  are  given  in  the  standard  state-space  linear  form  by: 


1  -  Ax  ♦  Bu  +  Bw  (!) 

2  -  Cx  +  Du 

where  i(t)  is  the  n-dlmenslonal  state  vector,  ji(t)  the  w-dlmenaional  pilot's  Input,  w(t)  la  the 
p-dimenslonal  disturbance  vector  modeled  as  a  Tero-mean  gauaslan  white  noise  with  covariance  W.  The 
r-dlmenslonal  display  vector  and  the  state  vector  are  chosen  so  as  to  include  all  the  dynamic  Information 
and  cues  used  by  the  pilot  as  well  as  rate  content  of  the  displayed  variables* 

As  mentioned  earlier  In  the  section,  the  perceptual  model  of  the  displayed  vector  jr  Is  corrupted  by  an 
observation  noise  v^(t)  end  delayed  by  a  quantity  t«  The  human  pilot's  perception  is  therefore  modeled 

as 


ip<° 


Cx(t-t)  *  vy(t-t) 


(2) 


with  Vy(t)  w  a  aero-lean  gauaslan  white  noise  process  with  Intensity  latrlx  1 


dlag  |v  1  1-1, 

"i 


The  Intensity  latrlx  V,  depends  on  tha  nature  of  the  display,  the  physical  environment  and  pilot's 
characteristics.  It  haa  been  shown  (1),  [6J  that  it  Is  proportional  to  the  variance  of  the  outputs 
o?  through  a  roughly  constant  nolse-slgnal  ratio  p.e  and  inversely  proportional  to  the  attentlonal 
yl  1 

allocation  fraction  and  indifference  threshold  T*  of  each  channel,  according  to  the  expression 


erfef - -H 


yl 

In  practice,  the  observation  noise  chaT  act  eristics  are  Implemented  via  the  ratio  v^/o*^,  which 
usually  shows  s  power  density  level  of  shout  -20dB. 


(3) 


by 


The  model's  control  strategy  Is  obtained  from  the  minimisation  of  a  quadratic  performance  Index  J  given 


T  /Q  l5T<&  +  J?Tr  “  +  uTGuJdt) 


<*) 


In  Equation  (A)  the  weighting  matrices  q>0,  B>0,  CX>  may  be  chosen  as  sn  extension  of  classical 
compensatory  tracking  tasks  requirements  an?/or  subjective  constraints.  The  weighting  on  the  pilot's 
control  rate  representa,  as  described  earlier,  a  limitation  on  the  pilot's  bandwidth  as  well  as  the 
natural  tendency  of  trained  pilots  not  to  perform  abrupt  control  actions.  This  term  translates  formally 
Into  a  first  order  neuromotor  lag  on  each  control  channel,  as  shown  in  Figure  1  and  the  weighting  matrix 
G  la  selected  In  an  iterative  manner  so  as  to  satisfy  the  experimental  based  neuromoter  motor  delays 
(usually  of  the  order  of  .1  -  .15  seconds). 

The  control  action  results  from  the  direct  application  of  standard  LQG  techniques  to  the  delayed 
system,  leading  to  the  full-state  feedback  relation 


u  (t)  -  -  Lx(t)  (5) 

-c  - 

where  the  control  gain  matrix  1.  is  the  solution  of  the  standard  algebraic  Rlccatl  equation  referred  to  Che 
augmented  performance  Index 
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\  dynamic  constraints  givto  by 

■  [!  !]*•  P*  'P  ■  ■ 


(6) 


(7) 


Mote  eh At  the  euiwntid  (o*m)-di*eneionel  state  vector  ie  now  ^  ■  (xT,  uTJ .  The  solution  is  therefore 
L  -  <rl|0:I)Ko  -  (LjtLjJ  (8) 

with  Kq  solution  of 

Tq  01 


K  B  <rlB  tk 
oo  o  o 


(9) 


The  internal  model  of  the  pilot,  that  reconstructs  the  augmented  state  vector  £(t)  froa  the  displayed 
vector  yp(t-T>  and  the  command  u^(t),  is  given  by  a  cascade  combination  of  Kalman  filter  and  linear 
predictor  (7)  represented  by  equations  (10)  and  (11),  respectively. 


;(t~r)  -  +  Kr(l,(t>  -  ci(t-t)l  ,  K,  -  tcV>  ,  At  +  EAT  +  EWE1  +  ICT  \T>  C£  -  0 


*(t)  -  £(t)  +  •  |*(t-t)  - 


£(t)  -  AJ(t)  +  »u(t) 


(10) 


(11) 


The  control  gain  matrix  L  of  Eq.  (8)  is  obtained  through  the  minimization  procedure,  choosing  G  so  that 


L2  ■  T^l  yielding  the  pilot's  control  action: 


T^u  +  u  »  -  Ljx  -  u.,  where  Lj  “  T^,  L2 
including  the  motor  noise  v  we  finally  get; 


V 


(12) 


(13) 


with  modeled  as  a  zero-mean,  gauss ian  white  noise  process  with  intensity  matrix  ' 


As  for  the  observation  covariance,  V*  »  diag,[vBi)  was  found  by  model  matching  data  to  be  proportional 
to  the  mean  square  value  of  the  control  input  u  according  to  the  relation 

~c 

V  •  wp  o2  ■  .003  so2  (14) 

ml  u  u  .  u  . 

cl  cl 

which  corresponds  to  a  normalised  value  of  about  -25  dB. 


A  comment  must  be  made  at  this  point:  the  way  the  Eq.  (13)  has  been  derived  leads  theoretically  to  a 
control  law  which  is  "suboptimal"  in  the  sense  that  no  longer  minimises  the  performance  index.  This 
procedure,  however,  retains  its  validity  since  the  indirect  inclusion  of  the  motor  noise  (after  the 
minimisation  process  has  been  completed)  does  not  alter  appreciably  the  closed  loop  response  within  the 
bandwidth  of  the  normal  control  loop.  Introducing  the  motor  noise  contribution  in  the  internal  model  of 
0GM  causes  no  particular  problems,  however,  as  shown  in  the  derivation  of  [i],  [8].  The  motor  noise  Is  in 
fact  treated  as  an  additional  external  disturbance  and  the  augmented  system  becomes 


A 

B 

'  0 

E 

0  • 

‘w  * 

x  ♦ 

u  + 

0 

-v 

V 

N 

.0 

V 

V 

(15) 
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with  the  blan  filter  aad  predictor  operating  now  on  Eq.  (15)  instead  of  Bq.  (7)  end  leading  to  the 
control  lew 

Sc(t)  -  -  L*  j<t)  -  -  IIjLj;  Ojj  d«) 

The  mathematical  structure  of  the  OCM,  ee  outlined  in  the  preceding  paragraphs  can  then  be  applied  to 
the  Modeling  of  hunen  perfornence  once  the  complete  net  of  inputs  is  given  for  the  manual  control  loop  at 
hand.  The  inputs  necessary  for  the  uee  of  the  model  are  collected  for  the  sake  of  clarity  in  Table  1* 


Table  1.  OCM  Input  Data 


Variable 

Description 

Typical  Value 

system's  matrices 

_ 

V 

external  disturbance  covariance 

_ 

Q.I.G 

weighting  matrices 

observation  noise  covariance 

_ 

v. 

motor  noise  covariance 

_ 

fl 

attentlonal  allocation  fractions 

ifi  - 1 

indifference  thresholds 

.05* ,  .l*/»«c 

T 

observation  delay 

•1-.2  sec 

neuro  motor  delay 

.1  sec  all  Inputs 

Pl»Puc 

noise  ratios  in  dB 

-20,-25 

The  output  of  the  OCM  is  usually  expressed  by  a  set  of  tine  domain  performance  measures  such  as  the 
minimum  value  of  the  performance  index  and  the  RMS  values  of  error  and  mean  square  values  of  estimation 
error,  estimate  states  and  input  (state  and  input  covariance  matrices).  Frequency  domain  performances  arc 
not  easily  obtained  from  OCM  unless  the  single-input ,  single-output  case  is  treated.  In  this  case,  a  Fade 
approximation  can  be  used  to  eliminate  the  observation  delay  [8], (9], (10)  and  to  obtain  the  pilot's 
transfer  function  in  addition  to  the  crossover  frequency,  effective  delay,  pilot  phase  compensation,  which 
are  performance  measures  used  by  claeelcal  pilot  models. 

The  basic  structure  of  the  optimal  control  model  has  not  changed  substantially  over  the  years. 

Levlson,  Baron  and  Junker  [11]  defined  a  revised  optimal  control  model  (KOCH)  in  order  to  improve  the  low 
frequency  discrepancy  of  OCM  when  trying  to  match  the  standard  laboratory  data  for  R,  K/s  and  K/s2  plant 
dynamics.  In  their  work,  it  is  shown  that  the  introduction  of  a  pseudo  motor  noise  in  the  internal  model 
produces  a  loir* frequency  zero  in  the  pilot's  equivalent  describing  function  u(s)/y(s)  leading  to  the 
desired  droop  and  matching  the  experimental  data  (see  next  section). 

Some  modifications  were  suggested  by  Phatak  in  the  mid-70's  in  order  to  overcome  the  ldentl fleet ion  of 
difficulties  of  the  OCM  parameters  [12], [13] .  The  problem  of  the  identification  of  a  model  of  human 
behavior  has  always  been  very  important.  A  lack  of  identification  requires,  in  fact,  an  increase  in 
qualitative  judgment  on  the  model  parameters  and  this  could  lead  to  an  increase  in  the  trial  and  error 
procedure  needed  to  match  model  output  with  experimental  data.  The  main  problem  with  OCM  is 
that  the  model  is  overparametrized;  that  la,  it  has  more  parameters  than  necessary  to  uniquely  describe 
the  input-output  behavior  of  the  human  operator.  Over-parametrisation  has  led  to  difficulties  in  applying 
standard  identification  procedures  based  on  either  spectral  analysis  model  matching  or  heuristic  iteration 
of  model  parameters,  which  do  not  offer  guarantee  on  the  uniqueness  of  the  identification  nor  a 
high  level  of  confidence  In  the  selected  parameters  due  to  the  non-minimum  variance  of  FFT's. 

Four  major  areas  of  simplification  of  the  model  have  been  considered,  some  of  them  validated  later  on 
by  Independent  research.  The  first  point  is  the  structure  of  the  internal  model  of  the  OCM.  The  original 
hypothesis  is  the  assumption  of  a  perfect  internal  model  of  the  plant /noise  dynamics  (in  the  least  squares 
sense),  which  Increases  in  complexity  by  a  factor  of  2n  with  respect  to  the  dimensions  of  the  plant.  It 
is  reasonable  to  asstae,  due  to  the  finite  bandwidth  of  the  pilot,  that  the  Internal  model  should  be  of  a 
level  of  complexity  adequate  to  the  specific  control  task,  thus  a  lower  order  Internal  model  conelstent 
with  the  teak  requirements.  A  validation  of  the  above  assumptions  can  be  found  in  [Id].  Using 
ground-based  simulation  of  a  highly  flexible  aircraft,  it  was  found  that  the  pilot's  action  in  a  pitch 
tracking  task  followed  that  of  zeroing  the  rigid  body  pitch  error  rather  than  the  total  displayed  error. 
This  implied  the  pilot's  ability  to  filter  out  the  high  frequency  content  due  to  flexible  oscillation 
pursuit  la  the  pitch  response  of  the  aircraft.  From  these  observations  the  hypothesis  was  made  and  then 
verified  that  the  OCM  Internal  model  consisted  only  of  the  low  frequency  component  of  the  total  plant 
dynamics. 

A  second  source  of  simplification  comes  from  the  attempt  of  OCM  to  be  isomorphic  to  the  psychophysical 
characteristics  of  the  fernmn  operator.  This  allows  the  presence  of  a  delay  in  the  observation  vector, 
thus  requiring  a  linear  predictor  to  obtain  the  real  time  estimate  of  the  state  vector  x(t).  In  terms  of 
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equivalent  input-output  describing  function,  tbe  combination  prod ic t  or-est inetor  produces  a  near  pole-aero 
cancellation  over  a  wide  frequency  range  and  aa  over- par seat rl sat ion  of  the  modal.  la  aaay  instances,  the 
observation  ties  delay  caa  be  eliminated,  therefore  eliminating  the  need  for  the  predictor's  dynamics. 

This  assumption  has  been  validated  with  experimental  data  [14], [IS];  in  both  cases,  the  observation  noise 
was  retained  in  the  normal  control  loop  using  a  flrat  order  fade*  approximation. 

Another  aspect  analysed  by  Ffcatak  has  been  the  elimination  of  the  display  rates  in  the  observation 
vector  requiring  the  estimation  of  rates  only  if  necessary  end  some  results  in  [12]  show  no  appreciable 
degradation  in  the  model's  capability  of  fitting  and  predicting  control  data.  Two  further  simplifications 
can  be  made  from  tbe  identification  point  of  view.  One  is  the  introduction  of  the  motor-noise  at  the 
Input  to  the  model  and  combined  it  with  tbe  observation  noise  to  get  an  "equivalent"  human  operator 
randomness  contribution.  The  second  la  the  elimination  of  control  rate  weighting  in  the  model's 
performance  Index,  which  has  been  found  to  cause  serious  identification  problems  for  low  value  of 
observation  delay  and  notor  noise  covariance. 

The  Implementation  of  the  optimal  control  model  of  the  human  pilot  has  not  changed  substantially  over 
the  yeara  from  that  in  (10).  Modification*  have  been  nade  only  to  eccoamodate  particular  applications  and 
to  derive  the  pilot's  and  open  loop  deecrlblng  functions  for  handling  qualities  analysis.  Recently,  OCM 
code  hes  been  aade  eveileble  for  personal  computers  [I]  with  Interesting  results  at  leeet  in  single-input, 
single-output  teaks  and  independent  eultl-exie  tasks. 

3 .  PILOT  MODELING  AND  PILOT  RATIMC  EVALUATION 

In  this  section,  the  optimal  control  model  of  the  pilot  will  be  first  verified  by  e  comparison  with 
standard  compensatory  laboratory  data  and  then  its  capabilities  in  evaluating  pilot  ratings  will  be 
assessed. 

The  first  validation  example  considered  la  the  classical  SI SO  compensatory  tracking  task  described  In 
[1).  The  pilot  has  a  single  control  end  the  display  expllcltely  shows  the  error  so  that  error  end  error 
rate  information  ere  the  two  components  of  the  display  vector.  Three  different  plant  dynamics  are  used 
with  Increasing  difficulty  in  the  control  task,  they  are  K,  K/s,  K/a2.  The  input  consists  of  a 
combination  of  sine  waves  modeling  a  random  noise  (first  order,  break  [requer.y  -  2  rad/sec  lor  K/a,  K/s2 
and  second  order,  break  frequency  ■  2  rad/sec  for  K  plant). 

The  measure  of  performance  was  obtained  evaluating  the  closed  loop  RMS  values  for  error,  error  rate  and 
control  activity,  and  the  pilot's  equivalent  transfer  functions  ye(a)  *  hi(a)+ah2(s)  where  hi(s),  h2<s) 
are  the  transfer  functions  from  the  input  to  each  output  (error,  error  rate). 

Table  2  in  [1]  shows  the  comparison  between  measured  end  theoretical  closed  loop  performance.  No 
substantial  discrepancy  Is  found  except  for  the  proportional  plant  output  rate  variance.  This  error  can 
be  reduced,  however  if  the  frequency  range  of  the  measurement  Is  limited  to  values  of  the  order  of  30 
red/sec  (1). 

The  behavior  of  the  predicted  end  measured  equivalent  transfer  functions  end  the  value  of  the 
equivalent  remnant  power  spectrum  at  the  plant  output  rate  ere  shown  in  Figure  2,  for  the  K/s  plant  case 
(similar  results  for  the  other  dynamics  can  be  found  in  [1],(13]).  The  agreement  between  the  results  ia 
evident  except  for  the  inability  to  recover  the  low  frequency  phase  droop.  The  error  in  low  frequency 
matching  can  be  eliminated  using  the  concept  of  pseudo-motor  noise  of  ROOM  [11]  aa  shown  by  the  dashed 
line  in  Figure  2. 
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Figure  2.  Frequency  Domain  Measures,  K/s  plant  [13]. 
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Another  validation  of  th«  OCM  in  a  single- axis  pitch  tracking  task  was  performed  by  Haas  (lbj  using 
thrse  coaf lguratloms  from  Arnold's  data-base  (5A,  84.  10  corresponding  to  Uwl  3,  lml  2  and  level  l 
dynamics,  rsapaetivaly) .  Figures  3  and  4  show  MS  performance  and  pilot's  daacrlbUg  functions  as  the 
result  of  teas'  analysis*  The  validity  of  the  pitch- tracking  task  was  assessed  by  verifying  the  Integral 
behavior  of  the  open  loop  describing  functions  near  crossover. 

Proa  Figure  4,  we  can  relate  the  validity  of  the  OCM  results  as  handling  qualltlea  assessaeot  tool  by 
looking  at  the  distance  between  disturbance  break  frequency  «b  and  pilot-vehicle  crossover  frequency  wc- 
The  aneller  the  separation  between  the  two  frequencies  end  the  lower  the  acceptability  by  the  pilot  ss 
verified  froa  the  pilot's  coaaents  and  ratings  during  the  alaulatlon. 


!■  STD.  DC  V. 


Plgure  3.  RMS  Predictions  vs.  Arnold's  Oats.  (16) 


Figure  4.  Frequency  Separation  froa  Arnold's  Data,  (lb] 


A  maybe  aore  Important  validation  of  the  OCH  model  la  its  capability  to  assess  and  predict  the  handling 
qualities  characteristics  of  a  given  sirersft.  A  lot  of  work  has  been  done  in  the  past  In  this  area 
following  two  aaln  directions,  the  first  being  a  single-input,  single-output  compensatory  tracking  task 
validation  using  the  large  data-base  available  froa  the  work  done  in  testing  classical  pilot  modeling 
techniques.  The  second  is  the  Identification  of  s  relation  between  numerical  pilot  ratings  (usually  on  s 
»t andard  Cooper-Harper  scale)  and  the  main  feature  of  the  OCH,  its  performance  index  value.  At  the 
present  time,  research  is  focusing  on  the  assessment  of  handling  qualities  characteristics  of  multi-axis 
tasks* 


In  the  validation  of  che  OCM  aa  a  viable  tool  for  handling  qualities  prediction,  a  significant  result 
was  obtained  la  Ref.  [18]  •  In  the  work  by  iacon  and  Scheldt ,  the  OCM  capability  of  obtaining  standard 
Neal-Smlth  type  information  was  recognised  and,  furthermore,  the  optlaal  control  model  was  able  to  better 
node l  actual  in-flight  situations  without  relying  on  the  fined  bandwidth  idea,  thus  uncovering  some  PIO 
prone  cases  which  were  not  date rained  by  the  original  Neal-Smlth  work.  Figure  S  summarizes  the  results  in 
[18]  and  the  agreement  of  the  two  approaches  is  evident. 


Figure  5.  Reproduction  of  Neal-SMlth  Results  using  OCM.  [18] 

The  advantage  of  using  the  OCM  in  the  closed  loop  analysis  in  [18]  is  evident  in  the  sense  that  the 
optlaal  control  nodel  ainlaizlng  the  tracking  error  tends  to  alnlalse  the  low  frequency  droop  as  well  as 
to  reduce  the  closed  loop  resonance  peak.  In  doing  this,  OCM  will  automat lcally  adjust  for  the  best 
bandwidth  required  to  achieve  the  pilot's  objectives. 

Another  application  of  closed-loop  analysis  technique  using  the  OCM  as  aodel  is  given  in  [19].  In  this 
work,  Anderson  and  Schaldt  extended  the  classical  Neal-Smlth  analysis  to  the  approach  and  landing  task. 

The  handling  qualities  assessment  of  this  inherently  MIMO  task  was  performed  by  introducing  an  equivalent 
SISO  frequency  response  and  by  plotting  the  pilot's  phase  compensation  against  a  sensitivity  parameter 
related  to  the  closed  loop  resonance  peak. 

Although  the  closed-loop  analysis  in  a  Neal-Smlth  type  of  framework  has  given  a  considerable  validation 
to  the  optimal  control  model,  one  of  the  major  efforts,  in  the  verification  of  the  model  capabilities,  has 
been  the  relation  between  the  model's  index  of  performance  and  the  pilot's  subjective  ratings.  Some  of 
the  work  in  this  area  is  reported  in  [20],  [21],  [22]  and,  more  recently,  in  [A],  [23]. 

The  definition  of  a  rating  metric  form  pilot  modeling  techniques  was  introduced  by  Anderson  (1970)  and 
his  '‘paper  pilot.”  Anderson  defined  a  minimum  rating  algorithm,  implementation  of  a  function  of  explicit 
model  parameters  (lead,  lag)  and  performance  (RMS  errors).  Following  this  approach,  the  use  of  the  OCM’s 
index  of  performance  as  a  rating  metric  was  hypothesized  by  Hess  based  on  prior  work  by  Dlllow  and  Picha 

[21] .  Hess  suggested  that,  under  three  main  assumptions,  the  numerical  value  of  the  index  of  performance 
resulting  from  the  modeling  procedure  could  be  related  to  the  numerical  pilot  rating  assigned  to  the 
vehicle  and  task  by  the  pilot  via  a  monotonic  function  R(J)  which  depends  on  the  rating  scale  used.  The 
use  of  the  performance  index  J  as  a  rating  metric  has  been  the  obvious  choice,  since  the  OCM  attempts  to 
obtain  a  control  strategy  which  Indeed  minimizes  J.  In  addition,  the  task  objectives  and  the  mental  as 
well  as  the  physical  aspects  of  the  pilot's  workload  can  be  thought  to  be  represented  by  the  quadratic 
terms  in  J.  Hess'  results,  which  reflect  the  analysis  of  19  different  vehlcle/task  configurations  are 
summarized  in  Figure  6.  The  figure  contains  two  graphs.  The  first  shows  a  logarithmic  relation  between 
pilot  ratings  and  J.  The  second  is  the  dependence  between  pilot  ratings  and  the  attentional  allocation  to 
the  control  of  the  task.  This  second  graph  gives  an  indication  of  how  the  workload,  associated  to 
allocating  the  control  attention  to  the  various  channels  in  a  multi-input  task,  affects  the  rating  of  the 
closed-loop  system. 

The  idea  of  monotonic  relation  between  pilot  ratings  and  index  of  performance  was  also  validated  in 

[22]  using  a  set  of  configurations  from  Arnold's  work  and  flight  tested  by  Neal  and  Smith.  The 
correlation,  however,  appears  to  be  variable  in  that  the  rating  sensitivity  (slope)  changes  depending  on 
the  task,  aircraft  and  pilot  model  parameters.  All  of  these  factors  must  be  carefully  evaluated  in  order 
to  determine  a  meaningful  rating  metric  from  the  performance  index. 

Finally,  an  application  to  a  multi-axis  task  is  given  in  [4].  The  COM  has  been  used  to  predict  pilot 
opinion  ratings  from  a  collection  of  experimental  single-axis  and  simultaneous  three-axis  tracking  tasks 
[24].  The  pilot  ratings  were  obtained  from  the  relation  PR  -  7.7  -f  log  J  with  J  being  the  sum  of  the 
performance  indices  relative  to  each  axis.  The  results  are  shown  in  Figure  7,  indicating  that  the 
performance  index  of  the  OCM  Indeed  shows  potential  for  the  development  of  subjective  ratings  for 
multi-axis  tasfcb. 
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VALUE  Of  WOE*  Of  PERFORMANCE 


FRACTION  Of  ATTENTION  TO  CONTROL 
TASK.  fe 


Figure  6* 


Pilot  Rating  vs.  Performance  Index  Relation.  [20] 


Figure  7.  PR  vs*  J  for  Multi- Ax is  Tasks  (Dander  data  [4])* 


4  *  closed  LOOP  PILOT-VEHICLE  ANALYSIS 

The  optimal  control  model  has  been  widely  used  in  the  past  in  the  analysis  of  a  variety  of  components 
of  the  manual  control  loop*  In  this  section,  some  of  the  applications  will  be  examined  which  deal  with 
the  analysis  of  particular  aspects  of  the  control  system  configuration,  such  as  loop  time  delay  evaluation 
and  display  analysis,  as  well  as  with  the  computation  of  critical  pilot  parameters  like  the  workload 
assessment  and  the  attention  allocation  In  multi-axis  tasks. 

It  is  generally  recognized  that  the  presence  of  time  delays  in  manually  controlled  systems  can  lead 
to  degraded  performance  and  potential  closed  loop  instability.  The  problem  becomes  particularly  critical 
in  modern  high  performance  aircraft  where  delays  are  Inherent  to  the  system,  due  to  complex  digital 
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control  law  implementation  and  phase  lags  associated  with  high-order  controller  dynamics.  One  of  the 
potential  effects  of  time  delay  is  the  degradation  in  handling  qualities  due  to  pilot-induced  oscillations 
arising  from  the  over-compensation  necessary  to  eliminating  of  the  equivalent  loop  lags,  the  OCM  has 
been  successfully  applied  by  Hess  [25]  in  identifying  P10  prone  configurations  derived  fro*  different 
in-flight  test  data.  In  his  work.,  he  related  an  effective  tine  delay  due  to  higher  order  dynamics  or  a 
real  time  delay  to  the  pilot-vehicle  crossover  frequency  as  predicted  by  the  optimal  control  model  of  the 
pilot.  The  relation  found  by  Hess  was  applied  to  several  configurations  resulting  from  independent 
in-flight  test  data  run  at  NASA-Dryden  at  Calspan  and  Princeton.  The  results,  taken  from  [25]  are  shown 
in  Figure  8. 
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Figure  8.  Influence  of  Loop  Delays  on  the  Open  Loop  Crossover  Bandwidth.  [25] 

Two  comments  can  be  made  by  looking  at  the  results  in  Figure  8.  The  first  is  that  the  open-loop  crossover 
frequency  wc  can  be  reduced  by  varying  the  aircraft  dynamics  in  a  way  as  to  increase  the  effective  time 
delay.  The  second  point  is  that  the  Increase  In  time  delay  produces  a  slope  less  than  -20dB/dec 
indicating  the  need  of  pilot  equalization  to  restore  K/s  like  characteristics  of  the  open-loop  system 
YpYc»  Poor  transient  performance  can  be  identified  by  noting  that  Kv  »  uq.  The  need  for  improved 
transient  response  would  then  imply  an  increase  in  static  gain  leading  to  potential  low  damped 
oscillations  which  are  a  necessary  component  of  a  PIO  excitation.  This  fact  was  verified  through  the 
flight  test  results  which  shoved  configurations  12  and  6-1  of  Figure  8  to  be  PIO  prone  configurations  in 
the  presence  of  small  static  gain  increases. 

Another  example  of  the  analysis  of  time  delay  using  the  OCM  can  be  found  in  [26]  where  predicted 
performance  were  compared  with  manual  simulation  (both  ground  based  and  in-flight)  performed  by  Calspan. 

One  of  the  most  prolific  applications  of  the  OCM  has  been  the  analysis  of  the  effect  of  display 
parameters  and  dynamics  on  the  overall  manual  control  loop.  The  dynamics  of  advanced  displays  play  an 
important  role  in  the  pilot's  evaluation  of  the  handling  qualities  of  flight  vehicles.  It  has  been  shown 
that  display  dynamics  may  alter  the  pilot's  opinion  in  rating  the  manual  control  loop.  Future  aircraft 
will  present  advanced  display  systems  for  controlling  as  well  as  monitoring  the  various  phases  of  a 
mission  and  the  amount  of  information  displayed  as  well  as  its  dynamic  content  are  as  important  as  the 
characteristics  of  the  pilot's  control  manipulation  in  defining  the  pilot's  role  and  capabilities  in 
relation  i»>  the  automated  functions. 

In  [23)  a  simple  second  order  transfer  function  model  was  used  for  the  display  dynamics  in  order  to 
rate  the  displays  according  to  different  damping,  bandwidth  and  time  delay  values.  Two  different  plant 
dynamics  were  used  and  experimental  data  was  obtained  which  Included  RMS  tracking  performance  and  pilot 
ratings  (the  Donnell's  four  scale  system  was  used  for  the  ratings).  A)  optimal  control  model  of  the 
pilot  behavior  was  then  used  and  experimental  and  predicted  pilot  ratings  were  related.  The  OCM  pilot 
rating  prediction  was  in  fact  able  to  separate  badly  rated  configurations  from  the  good  ones. 

While  the  analysis  in  [23]  focused  on  the  relation  between  display  dynmalcs  and  predicted  pilot 
ratings,  other  studies  evaluated  the  display  characteristics  based  on  increasing  workload  due  to 
attentional  demand  [27J  and  task  Interference  [28).  The  basic  hypothesis  behind  the  display/workload 
relation  is  the  use  of  equations  (2)  and  (3)  to  represent  respectively  display  variables  (Including 
quickening  and  flight  director  capabilities)  and  the  Imped  human  randomness  whose  invariance  with  a 
variety  of  control  tasks  makes  it  a  processing  limit  of  the  human  operator  under  "idealised"  displays 


(ao  thresholds).  Baron  sod  levlsoa  (26]  modified  the  display  variable  covariance  to  account  for 
thresholds  from  equation  (3)  to 
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(17) 


where  v  . 

yi 


f 


contains  the  threshold’s  contribution  and  it  is  given  by  equation  (3). 


Both  terms  on  the  RHS 


of  equation  (17)  contain  the  observation  noise/signal  ratio  which  is  associated  with  the  operator's 
central  processing  capabilities.  This  relation  led  to  a  model  for  task  interference  and  operator  workload 
using  attention  sharing  factors  at  different  levels.  By  letting 
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(18) 


with  PQ  »  -  20dB  as  baseline  signal/noise  ratio,  the  attention  allocation  can  be  divided  into  fractions  ft 
(control  related  -  monitoring  tasks),  f#  (longitudinal  -  lateral  subtasks),  f i  (attention  devoted  to  the 
1th  display  in  subtask  s).  With  some  assumption  regarding  the  attention  shariag  and  interference,  we  have 
£fl  ■  1,  £f*  "  i*  The  third  attentlonal  allocation  term  is  taken  to  be  a  free  parameter  when  performing 
performance/workload  tradeoffs. 


The  procedure  for  determining  the  pilot's  workload  outlined  before  was  used  in  [26]  for  the  evaluation 
of  a  baseline  status  display  and  an  advanced  integrated  display  is  a  task  simulating  a  commercial 
transport  in  a  straight  standard  approach.  A  schematic  of  the  electronic  attitude/director  indicator  used 
in  |28 J  is  shown  in  Plgure  9.  The  advanced  display  adds  a  perspective  runway,  an  extended  centerline  and 
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Figure  9.  Display  Indicator  for  Workload/Attention  Sharing  Analysis.  [28] 

a  track  angle  indicator  (f ,g,h)  to  the  baseline  display.  The  displays  were  analyzed  for  two  different 
autopilot  modes  (control  wheel  steering  of  attitude  and  velocity)  and  the  results  were  based  on  RMS  error 
performance  as  functions  of  the  workload  and  attention  sharing  ratio. 

An  index  of  pilot's  workload  using  the  OCM  was  also  determined  by  Wewerlnke  [29]  which  extends  the  work 
by  Baron  and  Levinson. 

In  his  work,  Wewerlnke  was  interested  not  only  in  the  attainable  performance  predicted  by  the  OCM,  but 
also  in  obtaining  an  absolute  index  of  the  difficulty  of  the  control  task.  Six  standard  SISO  compensatory 
tracking  tasks  were  simulated  and  frequency  responses  as  well  as  normalized  subjective  ratings  and  RMS 
scores  were  collected  for  further  analysis.  Defining  the  workload  index  W  as  the  ratio  S/P,  where  P  is 
the  slgnal/nolse  ratio  and  S  is  the  sensitivity  of  the  RMS  performance  with  respect  to  P,  a  good 
correlation  was  obtained  between  predicted  workload  W,  RMS  performance  o*  and  subjectlves  ratings  as  shown 

in  Figure  10. 
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Figure  10.  Prediction  of  Subjective  Ratings  via  Workload  Index.  [29J 
5 .  aoSED  LOOP  PILOT-VEH I CLE  SYNTHESIS 

Maybe  the  most  desirable  feature  of  any  algorithmic  methodology  is  its  capability  of  contributing  in  a 
synthesis  and/or  a  design  process.  One  of  the  ultimate  goals  of  the  optimal  control  model  i*,  In  the 
author's  opinion.  Its  use  in  designing  a  satisfactory  manual  control  loop  which  complies  with  the  designer 
objectives.  A  sound,  reliable  pilot  model  should  help  the  engineer,  in  the  preliminary  phase  of  the 
design  process,  in  the  evaluation  of  alternative  displays/ information  systems,  in  comparing  candidate 
inner  loop  and  outer  loop  automatic  closures,  in  choosing  onboard  computer  speed  and  sampling  rates  so 
that  the  manual  control  loop  presents  the  best  flying  qualities  characteristics  in  terms  of  standard 
requirements,  pilot  opinion  ratings  and  performance/workload  tradeoffs. 

Keeping  in  mind  the  always  present  necessity  of  experimental  validation,  several  attempts  have  been 
made  in  the  past  to  utilize  the  optimal  control  model  for  the  synthesis  of  various  components  of  the 
manual  control  loop,  using  the  model  for  off-line  computation,  as  well  as  for  on-line  simultaneous 
synthesis.  The  two  examples  considered  in  this  section  are  stability  augmentation  synthesis  (SAS)  and 
display  design. 

In  the  mid  and  late  70's  the  increased  availability  of  high  power,  high  authority  flight  control 
systems  has  led  to  the  development  of  the  first  prototypes  aircraft  possessing  non-convent  tonal  dynamic 
characteristics  and  advanced  task-tailored  control  modes.  Quantitative  handling  qualities  specifications 
were  not  applicable  and  at  the  present  time  it  is  still  not  clear  how  to  determine  and  judge  active 
control  technology  implementation  and  the  actual  improvement  of  the  man-machine  loop. 

In  this  context,  a  cooperative  augmentation  synthesis  was  developed  [30],  [31]  in  order  to  Indicate  the 
most  appropriate  SAS  in  terms  of  predicted  pilot  ratings  via  OCM.  The  cooperative  control  approach  uses 
the  optimal  control  model  algorithm  as  an  active  element  of  the  control  loop  In  the  sense  that  the  OCM's 
index  of  performance  indicates  how  well  the  inner- loop  dynamic  element  will  satisfy  the  handling  qualities 
requirements.  The  "optimum”  SAS  is  then  obtained  by  simultaneous  minimization  of  its  own  performance 
Index  (based  on  mission  performance)  and  the  pilot's  model  cost  (known  to  be  on  an  indicator  of  handling 
qualities  characteristics) . 

In  (30]  the  stability  augmentation  system  synthesis  for  air-to-air  tracking  task  was  considered,  with 
the  plant  dynamics  Inclusive  of  the  display  sight  dynamics  as  well.  The  resulting  autmentatlon  system 
gave  better  RMS  performance  and  better  predicted  handling  qualities  characteristics  as  shown  In  Figure  1 
of  [30],  where  K/s  like  crossover  was  was  obtained  for  the  loop  transfer  function,  as  well  as  a  reduced 
pilot  lead  required  at  crossover.  In  [31]  the  cooperative  approach  was  used  for  the  SAS  synthesis  of  an 
unstable  aircraft.  The  index  of  performance  to  be  minimized  by  the  SAS  synthesis  procedure  contains  the 
pilot's  model  cost  Pp  so  as  to  obtain  a  global  Inner  loop  with  satisfactory  handling  qualities 
characteristics. 

The  results  of  the  cooperative  synthesis  procedure,  for  a  pitch  tracking  task  are  shown  in  Figure  11. 
They  are  expressed  in  the  Meal-Smith  form  and  shown  in  the  figure  are  two  candidate  SAS  laws  and  two  other 
autmentors  derived  from  the  literature  (Cl,  C2 ,  C3,C4,  respectively). 


Figure  11.  Handling  Qualities  Prediction  Using  Cooperative  Control  Techniques. [ 31 J 


All  four  candidate  designs  show  Level  1  characteristics;  however,  lower  workload  was  predicted  for  the 
cooperative  controllers  (based  on  lower  stick  rate  activity). 

An  experimental  validation  of  the  predicted  results  from  (31]  was  carried  out  in  [13]  using  a 
fixed-base  simulator.  The  results  showed  consistent  agreement  in  terms  of  RMS  tracking  error  and  stick 
rate  and  in  terms  of  predicted  and  experimental  pilot  ratings,  as  shown  in  Figure  12.  below. 
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Figure  12.  Experimental  Validation  of  Cooperative  Control  Synthesis.  [15] 

Another  application  of  the  cooperative  approach  idea  has  been  suggested  in  [23]  and  developed  in  [32]. 
In  this  case,  the  objective  was  the  synthesis  tradeoff  between  display  and  controller  augmentation  wiht 
explicit  inclusion  of  pi lot-c entered  requirements  from  an  optimal  control  model.  Although  the  effect  of 
display  dynamics  and  control  system  dynamics  are  known  to  contribute  to  the  overall  pilot  ratings  In 
flying  high  performance  aircraft,  the  two  problems  have  usually  been  analysed  separately  In  the  past.  Tt 


analytical  work  in  [32)  and  some  experimental  results  in  [33 J  show  the  potential  for  a  global  approach  to 
the  synthesis  problem  using  the  OCM  as  one  active  component  of  the  control  loop*  The  idea  in  [32]  was 
applied  to  a  simple  double  Integrator  plant  indicating  that  a  simultaneous  display  and  control 
augmentation  would  lead  to  lower  OCM  performance  index  values  compared  to  separately  augmenting  the 
display  dynamics  and  the  plant  dynamics.  In  addition,  the  chosen  candidate  design  would  produce  an 
integral  behavior  for  the  open  loop  transfer  function  over  a  wider  frequency  range. 

The  control/display  cooperative  synthesis  !'as  been  applied  in  [33]  as  a  predictive  tool  in  the 
evaluation  of  a  multi-axis  X-22A  at  hover.  Different  control  augmentation  schemes  were  implemented 
(attitude,  rate,  attitude-rate  combination)  and  two  display  formats  (ED-2,  ED-3)  were  considered.  Figure 
13  shows  the  relation  between  experimental  pilot  rating  and  the  optimal  control  model  performance  index 
given  by  the  sum  of  the  longitudinal  and  lateral  components.  A  model-based  frequency  domain  analysis 
revealed,  furthermore,  that  while  display  augmentation  would  reduce  the  workload  without  affecting  the 
performance  (RMS  scores),  control  augmentation  would  lead  to  both  workload  reduction  and  performance 
improvement . 

The  display  synthesis  procedure,  based  on  pilot-centered  information,  has  received  a  lot  of  attention 
in  recent  years.  Hess  used  the  OCM  to  obtain  a  semi-algorithmic  procedure  for  the  design  of  a  flight 
director  display  in  a  UH-1H  helicopter  in  a  landing  approach  task  involving  longitudinal  and  lateral 
degrees  of  freedom  [34].  His  design  procedure  used  the  pilot  rating/index  of  performance  relation  as  well 
as  workload  and  attention  allocation  measures  to  come  up  with  the  design  flowchart  and  candidate  display 
shown  in  Figures  14  and  IS,  respectively. 

Automated  control/display  design  was  also  suggested  in  [35]  using  a  four-step  procedure  which  would 
start  from  the  information  requirements  stage,  followed  by  control/monitor  performance,  pilot/automatic 
control  task  allocation  and  leading  to  the  display  format  design.  The  method  was  applied  to  a  CH-47 
helicopter  in  hover  and  approach,  using  displays  with  and  without  flight  director  information  and  with 
different  levels  of  control  system  automation.  Several  results  were  proposed  in  [35].  First  of  all  a 
validation  of  OCM  as  three-levels  model  (information,  display-element,  display-format).  Secondly,  the 
necessity  of  workload  metrics  for  both  monitoring  and  control  tasks  was  suggested  in  order  to  represent 
the  human  performance  at  different  levels  of  control  automation. 

Another  application  of  OCM  to  the  display  design  problem  is  given  in  [36],  where  four  candidate 
display  systems  were  proposed  and  rnak-ordered  according  to  workload  and  performance.  The  particular 
application  consisted  in  the  determination  of  information  and  display  requirements  for  a  terrain  following 
task.  The  four-step  procedure  of  [35]  was  used  and  validated  through  simulation,  indicating  the 
superiority  of  flight  director  over  the  other  candidate  displays  (predictor,  tunnel  display,  integrated 
tunnel-predictor) . 
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Figure  13.  Correlation  between  Pilot  Rating  and  Performance  Index 
for  Various  Control/Display  Combinations.  [33] 


Figure  14.  Potential  Display  Design  Procedure  using  OCM.  [34] 


Figure  15.  Resulting  Display  Design  using  OCM. [34]. 
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6.  CONCLUSIONS 


Research  In  flying  quell tie*  has  always  merged  several  different  disciplines:  froa  flight  dynamics  to 
control  theory,  froa  statistics  to  huaan  factors*  froa  applied  aatheaatlcs  to  extensive  ground  and 
in- flight  slaulatlon.  The  central  point  of  the  effort  is  the  evaluation  of  the  processing  capabilities  of 
the  husan  op^rstox  as  an  active  component  of  the  annual  control  loop*  in  order  to  design  the  best 
pi  lot /aircraft  integration  in  tens  of  alsslon  performance. 

One  of  the  aspects  of  flying  qualities  research  has  been  the  aodeling  of  the  huaan  controller  to  solve 
unexplained  experimental  results  as  well  as  to  predict  new*  untested  flight  situations.  The  developaent 
of  pilot  aodels  has  often  used  control  theory  tools  in  an  attempt  to  quantify  those  husan  characteristics 
which  dominate  during  flight  vehicle  control  operations.  In  this  context*  the  optimal  control  model  has 
been  developed  in  the  early  1970 'a  and  widely  used  with  a  high  degree  of  success.  Applications  of  the 
model  cover  practically  all  the  aspects  of  a  control  task,  from  the  analysis  of  the  aircraft  dynamics  to 
the  design  of  advanced  display  concepts*  from  the  validation  of  the  pilot's  behavior  to  pilot  rating 
prediction  and  integrated  pllot/vehlcie  synthesis. 

The  advantages  of  optimal  control  theory  make  the  model  an  appealing  tool  for  quantifying  the  human's 
behavior  in  multi-axis  control  and  some  preliminary  results  appear  to  be  promising  in  the  complex  area  of 
system  monitoring  and  attention  sharing. 

The  optimal  control  model*  however*  has  some  difficulties.  First  of  all*  the  complete  internal  model 
must  be  known*  at  least  in  the  original  OCX  formulation*  and  such  a  knowledge  Is  difficult  to  obtain.  The 
optimal  control  model  suffers  from  overparametrlxatlon  making  the  identification  of  the  model  parameters 
from  experimental  data  not  always  possible.  Finally*  the  optimal  control  nature  of  the  model  requires  the 
fitting  of  the  manual  control  objectives  into  a  quadratic  functional  cost.  The  problems  outlined  above 
have  been  analyzed  in  the  past  end  even  though  they  do  not  pose  a  limitation  to  the  use  of  OCM*  they  must 
be  kept  in  mind. 

The  optimal  control  model  of  the  human  pilot*  as  any  other  mathematical  model  of  human  behavior*  shows 
its  greater  capabilities  when  used  in  tasks  for  which  the  model  is  appropriate.  In  addition*  its 
capabilities  are  fully  exploited  when  used  in  conjunction  with  other  models  so  as  to  have  the  largest  and 
most  accurate  representation  of  human  behavior. 
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Fllj^it  Simulation  makes  a  vital  contribution  to  the  imderstandlng  of  flying  quality  requirements 
and  to  the  clearance  of  Modem  aircraft  flirgit  controls.  The  bachground  to  the  use  of  similators, 
both  airborne  and  grouid-beaad  is  presented,  and  the  experimental  technicyjes,  including  validation 
and  Hardee  re  recpil  rsments  are  discussed.  The  limitations  ahlch  equipments  can  ispose  are 
presented,  and  exaiples  are  given  of  the  use  of  flirpit  slsulatlon  in  flying  qualities  research. 
Final ly,  the  techniques  required  for  the  clearance  of  current  designs  are  highl  lotted,  and  a 
direction  for  future  research  is  indicated. 

I.  Introduction 


Am  the  last  contributor,  I  can  add  very  little  to  the  opart  adrlce  ahlch  has  been  given,  on  the 
current  status  of  flying  qualities  requirements.  It  is  a  stisjact  that  has  groan  In  Inportance 
over  the  pest  forty  years.  The  growth  Is  due  to  the  increased  dmands  on  the  pilot's  control 
capabilities,  as  aircraft  performance  Increased,  and  the  f I Irpit  envelope  of  new  designs  expanded. 
All  the  previous  speakers  have  played  MB  I  or  roles  over  the  years  In  the  progress  that  has  been 
suds. 


My  topic  Is  the  use  of  fll^it  slosilatlon  for  Flying  Qmlitles  Research  -  the  eqjipiants  which  are 
in  every  dty  use,  and  the  techniques  which  ae  apply,  atthou^i  my  ejqierlance  lies  in  the  use  of 
grotsvl  based  similators,  I  do  not  wish  to  exclude  airborne  fllc^it  similators  from  the  discussion. 

I  will  cover  the  important  topic  of  a  imitator  fidelity  and  vallpbtlon  to  indicate  the  strengths 
and  weaknesses  of  the  experiments  aa  do.  I  will  give  exaaples  of  the  use  of  slsulators  in  Flying 
Qualities  Research.  I  will  conclude  with  moments  on  dwt  the  future  holds  -  equipment 
Iwprovmwnts,  and  how  aircraft  deslcpi  and  specification  needs  may  dictate  these  lapi  unman  its. 

To  begin,  however,  I  would  like  to  spend  a  little  tiae  with  some  general  remark*  on  flying 
tpmllties,  and  how  they  have  related  to  simulator  studies  in  the  pest.  It  Is  iaportant  to  know 
where  we  are  today,  but  it  Is  equally  important  to  know  a  little  about  the  route  that  we  took,  and 
how  wa  case  to  be  here. 


2.  Handling  Qualities  and  FI  W  Simulation 

One  of  the  earliest  applications  of  the  Research  Similator,  in  Industry  and  in 
Uhlverii ty/Covei merit  Establ I stments  was  that  of  predicting  the  flying  qualities  of  aircraft  at 
the  dssicyi  stage.  In  the  late  fifties,  analog  ceaputers  ware  at  a  stage  where  it  was  possible  to 
solve  the  six  slaul taneous  differential  ecyjat Ions  which  determine  the  snail  perturbation  response 
of  an  aircraft  in  flight.  It  was  e  logical  step  to  connect  the  cenputer  to  stick  and  pedals,  to 
stimulate  the  response.  Equally  well,  the  response  could  be  observed  by  comectii^  to  the 
cenputer  a  set  of  fllfgtt  instruments  or  a  CRT. 


Prior  to  this  advance,  prediction  of  flying  qualities  relied  on  coopering  the  values  of  parameters 
which  could  be  easily  calculated,  with  criteria  based  on  these  paraseters  (Reference  I).  Exaiples 
of  these  paranaters  are  seen  on  figure  1 . 
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In  the  sixties,  as  aircraft  performance  Increased,  wa  ware  to  sea  the  limitations  of  such  rule  of 
thud>  aathode. 


Thm  analog  coqjut  or  Iwprov— ntt  in  tha  1959'*  ws  para  1 1  a  lad  by  application  of  servo  control 
tbaorias  to  aircraft  dewign.  Ifw  use  of  irreversible  poser  controls  to  nove  control  surfaces  on 
aircraft  called  for  technicfjas  previously  confined  to  socialist  applications  such  as  ornery. 
Oice  applied,  the  technic**  of  considering  the  aircraft,  the  controls  and  the  pilots  as  a  closed 
loop  system  quickly  followed  (References  2, 3,9, 5).  By  this  time,  the  coaputing  to  support  this 
approach  set  available,  and  a  new  and  powerful  method  of  studying  Flying  Qualities  was  bom. 

The  Introduction  of  servo- ana  lysis  took  flying  qualities  criteria  from  the  time  domain  into  the 
frequency  donwin.  It  also  introduced  closed  loop  criteria  Into  flying  quntitles  requirements  - 
phase,  (join,  bancfcrldth  -  a  whole  new  methodology  for  deciding  whether  or  not  satisfactory  control 
would  be  achieved  in  a  particular  design. 

In  many  respects,  the  1960's  were  our  hayday.  Aircraft  projects  of  various  types  were  available, 
and  the  flying  quality  requirements  were  f rawed  around  linear,  smell  perturbation,  continuous 
systems.  Analytical  methods  could  deal  with  such  assumptions,  and  the  state  of  real  time 
computing  did  not  allow  too  many  non  linearities  to  be  Introduced.  I  remaiber  a  eminent  about  an 
American  paper  describing  a  conputer  model  of  spinning,  nrnde  by  an  English  professor  of 
Aeronautics,  at  an  Agard  meeting  at  Gmbridge  in  1969  (Reference  6).  He  expressed  disbelief  that 
spinning  behaviour  could  be  modelled.  "Spinning  is  a  capricious  Manoeuvre",  the  said,  "and  has 
elements  of  unpredictability.  In  particular,  tha  interference  effects  of  the  lower  wing  on  tlie 
top  wing  of  bl -planes  are  considerable." 

Such  views  on  model  ling  changed,  as  the  value  of  analytical  and  slmilatlon  techniques  were 
appreciated.  tlie  prediction  methods  were  seen  to  contribute  to  aircraft  desiept,  and  the 
analytical  methods  helped  explain  how  attars*  characteristics  could  be  eliminated.  Hie  result  was 
that  methods  and  criteria  were  incorporated  into  Flying  Quell ty  Specifications,  both  in  tlie  U.S. 
and  in  Europe.  This  was  the  start  of  a  process  thet  has  continued  to  this  day.  Now,  the  sad  fact 
is  that  there  is  a  sliortage  of  projects  to  which  the  latest  Specifications  can  be  applied. 

3.  Pi  lot  Rating  Scales 

Tlie  cyalitative  nature  of  flying  quality  assessment  calls  for  a  consistent  wey  to  record  pilot 
opinion.  Verbal  descriptions  of  handling  qualities  are  unsatisfactory  from  an  engineering 
stanctioint,  for  many  reasons,  Whet  Is  needed  Is  a  more  forme  Used  method  to  Indicate  the  degree 
of  difficulty  associated  with  a  flying  task,  In  a  form  which  can  be  easily  handled. 

In  tlie  fifties,  several  different  arproaches  were  tried.  At  War  ton,  we  used  the  initials  GMB 
(good,  imderate,  bed),  and  to  distinguish  levels  within  these  categories,  suffices  of  ♦  and  a  - 
were  needed.  Wr»  had  in  effect  a  nine  point  rating  scale.  Other  workers  used  numbers,  in 
particular,  the  groups  at  NASA  Awes  and  Cornell  Aeronautical  Laboratories.  A  paper  by  George 
Cooper  (ref  7)  had  the  effect  of  Introducing  tlie  concept  for  a  ten  point  scale.  (Figure  2) 
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Subsequent  work  resulted  In  the  definitive  stanchrd,  reference  I,  ehere  the  experiences 
of  Am  end  Cslspen  eere  cent)  I  nod.  This  standard  of  the  moulting  rating  scale  Is  seen  on  figure 
3.  W  ere  named  in  reference  3  that  the  bedqreuid  guidance  contained  In  reformc*  •  Is  not  gfven 
the  sm  attention  by  users  of  the  scale,  ee  the  scale  Itself.  Its  use  requires  a  definition  of 
the  task  to  be  performed,  and  the  circuestnes  inder  ehich  it  Is  performed.  These  circunstances 
include  the  presence  of  seconds ry  tasks,  the  arwiroraeant  and  disturbances  thick  mi^it  be 
encountered,  and  the  piloting  population  likely  to  be  the  and  users. 

Pram  the  pilots'  point  of  view,  he  arrives  et  a  rating  by  naans  of  a  series  of  dlchotanaus 
decisions  -  controllable  or  uncontrollable,  adequate  performance  or  not,  aid  then  satisfactory  or 
not.  It  Is  uwel  for  the  pilot  to  sake  a  blind  evaluation  -  In  other  word*,  srithout  knowledge  of 
the  configuration  inder  oosoimnt  (althouW  he  will  be  briefed  an  the  nature  of  the  exporlnwnt 
and  the  range  over  which  parameters  will  be  changed).  This  form  of  evaluation  conducted  either  in 
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lha  air  or  an  a  groind  faaaad  siaulator,  la  wry  dmmndlng  on  tha  pilot.  It  la  aurpriaing  how 
oftan  pi  lota  alact  to  aplit  a  rating  botwaan  ton  intagera. 

Tram  tha  engineers'  point  of  vlsw,  tha  output  of  tha  eipsriawnts  haa  to  ba  handlad  with  cara.  Tha 
bora  nudmrs  ara  oftan  wrlablo  or  incentistant,  and  rafaranco  to  racordad  ooaaanta  ia  naadad. 
ball  aaapla  alia,  and  largo  daviationa  anka  ganaral  concluaiona  difficult  to  draw,  and  in  any 
caao,  tailing  tha  awraga  of  tha  raahers  obtainad  ia  opan  to  criticlaak  JkJt  In  tha  and,  thay 
provide  a  anaaura  of  accaptabl  I  ity,  which  la  tha  Inform t Ion  naarlad  by  tha  daslgymr,  to  iapraw 
the  porfuiwwnca  of  hla  amchlne. 

p|9jr*  I  HANOUNG  QUALITIES  RATING  SCALE 


It  ia  inpoaalbla  to  divorce  froai  any  diacuaaion  of  pilot  rating  acalaa  the  concept  of  pilot  work 
load,  ftfelhods  of  awaaureaant  of  work  load  are  inadequate  for  uao  In  the  Interpretation  of  pilot 
ratings.  Consequent ly,  pilot  rating  methods  ara  largely  nplrlcal.  Criteria  for  acceptable 
handling  ara  established  from  piloted  super hnents,  either  from  grows!  based  or  airborne 
siaulators.  perhaps  in  the  form  of  iso-opinion  boundaries,  such  as  those  seen  on  figure  ». 
Alternatiwly,  values  of  a  handling  qualities  parameter,  such  as  short  period  denplng,  can  be 
assltpied  as  bounds  within  which  a  standard  of  control  will  be  achieved. 

It  is  worth  noting  thwt  handling  qualities  bowwbries  such  as  those  on  figure  4  relate  only  to  the 
circuastances  ussier  which  they  ware  obtained  -  the  equlpaent  used,  the  fillet  condition  simulated, 
and  the  task  which  was  given  to  the  pilot.  Two  of  the  longitudinal  short  period  bouwbrles  were 
from  Used  based  staulators,  and  one  cam  from  a  variable  stability  aircraft.  Similarly,  one  of 
the  rolling  criteria  came  from  a  variable  stability  aircraft,  and  the  other  frem  a  fixed  base 
siwulator.  Not  apparent  on  these  graphs  ara  tha  Influence  of  ell  the  other  factors  which  affected 
pilot  ratings,  and  which  imalidhte  coops ri sons  between  results  of  this  type. 

Criteria  of  this  type  ears  converted  Into  sends  lory  requirements  in  the  'Ms  (Reference  10) 
following  long  end  detailed  study  (Reference  II),  It  foraulated  tha  concept  of  flying  quality 
lewis  of  desirability,  hated  on  the  Cooper -thrpar  rating  scale,  depending  an  aircraft  type 
category,  aircraft  slat#  (Including  failure  atata),  and  phase  of  fillet.  It  ia  a  cowplex  concept, 
which  hws  been  made  even  sore  cowplex  at  advanced  flight  control  system  hew  been  Introduced. 
The  spec! Ilcotien  of  flying  qualities  requlramnta  and  their  Interpretation  for  aircraft  desigi 
purposes  now  requires  wry  specialised  knowledge. 

Siwulator  Equlmunt 

A  rewmrkable  Targe  of  siaulators  Is  applied  to  Flying  Qualities  research.  Reference  12  contains 
lists  of  Airborne  and  Gmsxj  Based  Research  Siaulators,  mid  tha  purpose  for  Which  they  ere  used. 
Mich  the  largest  use  of  airborne  siaulators  is  associated  with  Flying  Qualities  research;  ground 
hosed  shrulalsrs  are  divided  between  flylig  qualities,  systwas,  hkwwn  'factors,  and  siwulator 
dewlopaent.  Useful  work  Is  possible  on  low  coal  siaulators,  restricted  to  staple  display 
alwaants  and  linearised  ccaputer  medals  of  tha  aircraft. 
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Stick  and  Scope  S  inn  I  a  tor  s 

In  the  fifties,  airborne  sinulators,  such  as  the  8.26,  F99A  and  T-33  at  Cornell  Aeronautical 
Laboratories  had  the  most  inpact,  in  setting  handling  qualities  desist  criteria.  Doubts  were 
expressed  by  proponents  of  variable  stability  aircraft  about  the  validity  of  results  from 
grouid-based  sinulators.  they  considered  that  the  assessments  so  obtained  called  for  too  great  an 
extrapolation  by  the  pilot,  to  predict  hoe  the  experience  amuld  transfer  to  actual  flight. 


Since  then,  missive  strides  have  been  made  in  the  technology  of  representing  flicfit  in 
a  groieid  based  s imitator,  and  these  doubts  are  now  largely  unfounded,  the  proponents  of  ground 
based  sinulators  expressed  concern  about  the  cost  /effectiveness  of  variable  stability  aircraft, 
and  European  couitries  were  slow  to  follow  the  lead  from  the  U.S.  The  increasing  costs  of  tlie 
growid-based  sinulation  facilities  at  the  largest  research  establ Istments  has  bliaited  the 
ertpsnent.  The  situation  today  Is  that  all  the  sinulators  have  a  pert  to  play,  and  are  proving 
their  worth.  Tlie  sUistantial  investments  being  node  in  research  and  development  sinulators, 
grouid  based  and  a  I  borne.  In  the  U.S.  and  in  Europe,  is  testimony  to  their  prospective  value.  Hie 
high  operating  cost  of  airborne  sinulators  and  the  more  advanced  grouid  based  sinulators  limits 
the  Huber  of  generalised  handling  qualities  studies  which  can  be  funded.  Consequently,  a 
coordinated  activity  is  required  which  carbines  analysis,  low  cost  sinulation,  and  advanced 
facilities,  to  construct  hendl  Ing  qualities  criteria  applicable  to  new  con  figure  t  Ions. 

A  research  similator  breaks  ttown  into  several  components.  The  requirements  for  each  of  these 
opponents  are  discussed  below. 

9.1  The  Cuckpl  t 

For  mist  handling  quality  stufieS,  there  Is  no  need  to  use  e  tellor-mede  cockpit,  representing 
a  particular  aircraft.  Clearly,  It  Is  better  to  represent  transport  aircraft  In  a  cockpit 
similar  to  those  In  transport  aircraft,  and  the  sealing  position  used  to  represent  filter 
aircraft  should  correspond  In  terns  of  geometric  location  relative  to  stick,  controls,  and 
displays.  Cockpit  displays  used  by  the  pilot  In  the  handling  asses'/nent,  for  exsnple  a  head 
'P  display  and  fli^it  instruwenls  nust  be  functional. 

s.2  Stick  Feel 

An  accurate  representation  is  essential  of  the  stick  force  gradient,  friction,  travel, 
non-linear  gearing  and  other  relationships  between  the  pilot's  irput  and  control  surface 
deflection.  In  the  pest,  progrsiwsble  hydraulic  force- feetftjeck  feel  systens  have  been 
necessary  In  many  investigations.  Current  aircraft,  using  fly-by-wlre  imnoeuvre  dsnsnd 
systems  do  not  retire  the  siaulation  of  mechanical  control  ruts  -  the  tlpial*  ere  taken  from 
the  stick  uilt  In  the  cockpit.  Simulating  the  stick  feel  Is  therefore  an  easier  proposition. 
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B.3  Model  1  Ing 

Cofuting  power  If  no  longer  a  restriction  to  the  coeplexity  of  the  model  of  the  aircraft  and 
fllc^tt  control  system.  As  a  result,  sobs  work  Is  possible  with  staple  models.  In  other  cases, 
the  model  is  apprehensive.  The  need  for  a  comprehensive  node  I  appears  when  the  erea  of 
investigation  can  no  longer  be  described  In  terms  of  linearised  smell  perturbation  equations. 
This  situation  arises  more  and  more,  portly  because  the  airfraam  des leper  is  clearing  his 
aircraft  closer  to  departure  faowiderte*  than  in  the  past,  and  partly  because  the  flight 
control  des leper  can  use  ccwpiex  control  algorithms  to  achieve  his  purpose.  Digital  emputers 
are  in  universal  use  for  modelling.  Models  used  for  flying  qualities  work  Bust  have  e  high 
iteration  rate  -  better  then  3M  solutions  per  second  Is  desirable.  Otherwise,  modelling  time 
delays  will  Intrude  Into  the  asseswrait.  for  work  related  to  akanced  control  ays  tent  designs, 
the  computing  task  Is  large.  For  example,  for  EAP  development,  the  computers  can  handle  B 
Megaflops,  and  overall  memory  is  lOf  Megabytes. 

In  these  c  I  rcuns  lances,  grouid  bated  s  inti  I  a  tors  have  the  advantage  over  airborne  simulators, 
because  more  comprehensive  computing  facilities  can  be  provided  in  a  ground  installation. 

M  Visual  Display 

Ghee  again,  the  type  of  work  determines  the  display  reop  I  remen  t .  Symbols  on  a  scope  noy  be 
sufficient  to  study  a  pilot  transfer  function  In  a  tracking  task.  At  the  other  end  of  the 
scale  a  study  of  lateral  departure  at  hl^i  incidence  ray  need  the  full  field  of  view  systems 
only  seen  in  Air  Ccnbat  Simulators.  Handling  qimllty  assessments  relating  to  flight  close  to 
the  ground,  for  exanple,  approach  and  landing,  need  a  three  channel  OGI  system  of  good  quality 
(reference  13).  Again,  display  deficiencies,  such  as  time  delay  or  resolution  can  sometimes 
affect  the  assessments.  The  variable  stability  aircraft  has  a  big  advantage  In  this  respect. 

1.5  Motion  System 

Che  of  the  areas  of  research  for  grotexf-based  s  inula  tors  has  been  to  determine  tire 
contribution  which  motion  cues  can  give,  and  to  determine  the  validity  of  simulations  which 
have  limited  travel  or  do  not  provide  motion  cues.  It  is  a  difficult  area  of  investigation, 
and  there  is  no  end  in  sight.  Views  on  the  need  for  notion  differ,  although  the  following 
guidelines  imy  help: 

o  to  give  accurate  motion  sensations  requires  high  performance  and  large  travel,  outside 
tire  capability  of  must  research  establishments, 

o  it  is  better  to  have  no  motion,  than  a  system  which  gives  false  cueing, 

o  motion  systems  are  of  nost  inportance  In  handling  investigations  where  stability 
margins  are  low  (e.g.  the  pilot  is  stabilising  the  vehicle),  or  in  studying  failure 
coses  involving  a  transient  response,  or  in  studying  the  effects  of  turbulence  on 
flying  qualities, 

o  a  small  travel  amt  ion  system  can  be  used  with  advantage  for  subjective  cueing,  sinply 
to  add  realism  to  the  simulation. 

Provided  that  it  can  achieve  the  required  fliejit  condition  and  provided  that  the  model 
sippresses  the  response  of  the  basic  aircraft  to  outside  disturbances,  the  variable  stability 
aircraft  clearly  can  represent  accurate  mot  ion  feedbacks. 

1.6  General 

These  equipments  are  linked  together  to  provide  a  research  tool.  The  manner  of  integration 
has  a  strong  bearing  on  the  effectiveness  of  the  tool.  The  link  between  the  motion  system  and 
the  visual  system  Is  self-apparent.  Equally,  there  Is  a  need  to  select  the  operating  syston, 
which  links  the  computer  to  the  other  elements,  for  easy  operation.  Successful  Investigations 
require  the  ability  to  repeat  cases  quickly,  to  change  parameters  quickly,  and  to  record 
qualitative  and  quantitative  results.  Perhaps  the  most  important  asset  is  a  knowledgeable  and 
dedicated  team. 


8 


li  has  often  been  said  "no  s  inula  t  Ion  without  validation".  The  question  then  arises  -  how  do  we 
validate  a  sinulator  for  use  in  the  study  of  flying  qualities?  In  same  circumtances.  full 
validation  only  comes  alien  the  simulated  vehicle  is  flown  -  for  exanple,  When  an  unstable  airframe 
which  relies  on  the  flight  control  system  for  stabilisation  is  being  developed.  Prior  to  that 
however,  confidence  lias  been  built  up,  based  on  Knowledge  and  experience.  It  is  equally  important 
to  Know  the  areas  where  shortcomings  in  the  sinulation  will  lead  to  erroneous  results,  as  it  is  to 
offer  predictions  of  likely  behaviour.  Hie  subject  is  discussed  in  reference  14,  from  which  the 
following  paragraphs  are  taken. 

"The  key  to  obtaining  valid  results  are: 

t.  Know  your  sinulator 

2.  Structure  tfie  test 

3.  Value  the  pilot 

"Fidelity  lias  rainy  dimensions:  crew  station  realism,  vehicle  model,  visual  scene,  motion  and 
sound,  and  in  each  dimension  there  are  many  parameters  which  influence  fidelity.  Since  one-to-one 
engineering  replication  cannot  be  obtained,  especially  In  the  dimensions  of  visual  and  motion 
effects,  the  question  becrmes  one  of  perceived  fidelity. 

"Sinulation  validation  before  the  start  of  any  evaluation  tasks  should  be  a  four  step  process. 

1.  Doc t men t  sinulation  equipment  performance 

2.  Conduct  non-real  time  model  checks  (conpere  to  control  law  analysis  results) 

3.  Conduct  real  time  model  checks 

4.  Conduct  task  checks 

"With  regard  to  item  I,  a  good  check  of  the  validity  of  the  sinulator  is  to  model  and  "fly"  an 
existing  known  aircraft.  A  rating  scale  like  the  one  shown  in  Figure  8  can  be  used  to  assess 
validity.  If  flight  data  is  available  on  the  subject  aircraft,  the  identical  control  inputs  can 
be  run  in  the  simulator  and  the  resulting  time  histories  can  be  conpared  to  flight  data. 
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DESCRIPTION 

SATISFACTORY 
REPRESENTATION 
OF  ACTUAL 

VEHICLE 

l 

EXCELLENT 

VIRTUALLY  NO  OISCRCPANCIEI.SIMUIATOR  REPRODUCES  ACTUAL  VEHICLE 
CHARACTERISTICS  TO  THE  REST  OF  MY  MEMORY.  SIMULATOR  RESULTS 
OIRECTLV  AFFUCAILE  TO  ACTUAL  VEHICLE  WITH  HIOH  DECREE  OF 
CONFIDENCE 

i 

GOOD 

VERY  MINOR  DISCREPANCIES.  THE  SIMULATOR  COMES  CLOSE  TO  DUPLICAT¬ 
ING  ACTUAL  VEHICLE  CHARACTERISTICS.  SIMULATOR  RESULTS  IR  MOST 
AREAS  WI0U10  Of  APPUCAtlC  TO  ACTUAL  VEHICLE  WITH  CONFIDENCE. 

3 

FAIR 

SIMULATOR  IS  REPRESENTATIVE  OF  ACTUAL  VENICLC.  SOME  MINOR 
DISCREPANCIES  ARE  NOTICEABLE,  IUT  NOT  OISTRACTINO  ENOUGH  TO 

MAIN  PRIMARY  CHARACTERISTICS.  SIMULATOR  TRENDS  COULO  OE  APPUEO 
TO  ACTUAL  VCMCLE. 

UNSATISFACTORY 
REPRESENTATION 
OF  ACTUAL 

VEHICLE 

« 

FAIR 

SIMULATOR  NEEDS  NORR.  II  HAS  MANY  MINOR  DISCREPANCIES  WHICH  ARE 
ANNOYIND.  SIMULATOR  WOULD  NEED  SDME  IMPROVEMENT  DEPONE  APPLY  - 
INC  RESULTS  OIRECTLV  TO  ACTUAL  VEHICLE  .OUT  IS  USEFUL  FOR  OCNERAl 
HARDLINB  DUALITIES  INVEST  IDA  TIONS  FOR  THU  CLADS  DF  AIRCRAFT 

9 

H 

SIMULATOR  NOT  REPRESENTATIVE.  DISCREPANCIES  EXIST  WHICH  PREVENT 
ACTUAL  VEMICIE  CHARACTERISTICS  FROM  HIND  RECOGNIZED.  RESULTS 

ODT AIRED  RENE  SHOULD  DE  CONSIDERED  AS UNNEUADiC. 

1 

VERY  DAO 

POSSIBLE  SIMULATOR  MAI  FUNCTION.  WRONG  SION,  INOPERATIVE 

CONTROLS.  OTHER  GROSS  DISCREPANCIES  PNEVENT  COMPARISON  FROM 

EVEN  BEING  ATTEMPTED  NO  DATA. 

Figure  8  RATING  SCALE  FOR  SIMULATOR  VALIDITY 

"It  Is  inportant  to  select  pilots  familiar  with  the  art  and  science  of  sinulation.  The  pilots 
««st  believe  In  sinulation,  take  the  job  seriously  and  work  hard  at  task  defends.  He  mist  treat 
(lie  s  Inula  lor  with  the  same  frame  of  mind  as  he  would  the  real  aircraft. 


"Pilots  differ  slpil  flcantly  one-to-the-other  In  their  control  techniques.  Sam  are  loo  gain 
operators,  making  a  minimal  of  control  Irputs.  while  others  are  very  hljji  gained  (dither) 
controllers.  These  different  control  tedvilques  my  cause  one  pilot  to  have  little  difficulty 
with  a  confirmation  while  another  pilot  my  incover  a  control  problem.  It  is  therefore  wise  to 
have  a  variety  of  pilots  in  your  evaluations,  A  minlaua  should  be  three,  with  five  or  acre  being 
preferred.  Mjltiple  pilots  is  more  Important  than  repeat  runs." 

"The  objectives  of  the  handling  qualities  engineer  are 

t.  Inner  loop  stabilisation  and  control  law  development 

2.  Outer  loop  control  Integration 

3.  Development  of  stick,  rudder  pedals  and  throttle  controllers 

t.  Developnent  of  fllcfit  displays 

5.  Ground  handling  including  nose  wheel  steering  and  anti-skid  braking 

6.  Testing  of  failure  nodes 

"In  these  sinvlations.  fidelity  becomes  critical.  The  fidelity  of  the  meth  model  of  the 
vehicle  /control  system  must  be  accurate  and  the  visual  and  action  system,  which  provide  cues  used 
by  the  pilot  In  control,  also  becone  inportant.  Ohe  of  the  big  fallings  of  the  slnulator 
comrunity,  however,  is  to  rigorously  define  what  fidelity  is  required  to  obtain  the  right  answer. 
Althougtt  a  large  body  of  basic  data  exist  on  humn  perception,  there  is  no  source  of  compiled 
guidance  on  what  degree  of  simulator  fidelity  mist  be  used.  The  tendency  has  been  to  use  the 
"best"  similator  available.  In  fact,  in  the  U.S.,  almost  every  new  military  aircraft  developed 
has  conducted  an  in-flight  simulation  as  a  last  check  before  first  flic^it.  The  experience  of  tlte 
in- f  I  iyht  similat ions  lias  quite  often  revealed  concerns  Which  had  not  been  isicovered  in  the  ground 
based  similat  Ions  and  which  in  same  cases  resulted  in  modifications  to  the  control  logic  prior  to 
(lie  first  flic*it". 

Further  valuable  discussions  on  the  topic  of  slnulator  fidelity  are  contained  in  reference  15. 
The  contribution  to  similator  fidelity  of  the  subsystems  are  considered  under  the  headings 

motion  effects 
visual  system  fidelity 
tin*  delay  effects 

It  is  concluded  that  fidelity  is  a  relative,  rather  than  an  absolute  quantity,  and  that  even  the 
best  of  the  large  scale  research  similators  inpose  restrictions  on  the  types  of  situations  and 
tasks  that  can  be  faithfully  s imitated.  Experiments  are  cited  which  carper*?  pilot  assessments  of 
flying  qualities,  made  in  simulators  and  in  flight.  Use  was  node  of  the  rating  scale  (figure  8) 
to  give  a  measure  of  the  degree  to  which  the  slnulator  represented  the  aircraft  behaviour.  One  of 
the  investigations  discussed  in  detail  Is  that  of  the  UH-60  helicopter  (reference  16).  All  the 
areas  where  pilot  contents  indicated  the  slnulator  to  be  unrepresentative  of  flight  could,  not 
surprisingly,  be  attributed  to  all  or  any  of  the  three  factors  given  above. 

Of  course,  the  helicopter,  in  terms  of  vehicle  dynmnics  and  tasks,  presents  qreater  probions  to 
the  s imitator  engineer  than  conventional  fixed  wing  aircraft;  the  loop  closures  are  hitter  order, 
and  the  dynamics  of  the  vehicle  are  more  coop  I  ex.  But  the  basic  principles  still  apply,  and  the 
indications  of  deficiencies  in  motion  cues,  visual  cues  and  dynamic  response  show  where  improve¬ 
ments  wi  1 1  count. 

Reference  15  contains  a  most  instructive  discussion  on  these  topics.  THe  data  relating  to  motion 
cueing  came  from  the  L/MMtS  similator  at  Fli<£it  Dynonlcs  Laboratory  at  flight -Rat  ter  son  Affl 
(Ficfire  9).  The  results  indicate  the  difficulties  of  this  kind  of  work:  of  pilots  adapting  to 
produce  similar  perfonmnee,  independent  of  the  lateral -sway  washout;  of  the  need  for  non-linear 
washout  filters  to  reduce  the  peek  lateral  motion.  A  closer  look  at  reference  17  is  reconmended, 
and  it  is  worth  quoting  the  aifclquous  reason  for  uncertainty  in  the  conclusions  -  "the  pilot 
comnents  ware  not  always  repeatable". 

Ch  the  stbject  of  visual  system  fidelity,  the  work  reported  in  reference  18  is  cited.  The  inten¬ 
tion  of  this  work  was  to  vary  the  quality  of  the  visual  cues  seen  by  a  helicopter  pilot,  and 
assess  In  flit^it  the  intrusion  Into  the  flying  task  of  the  limitations  of  current  OCl  visual 
system.  The  limitations  imre  acuity,  detail,  texture,  contrast,  and  field  of  view.  Again, 
reference  to  the  original  report  Is  recomnended.  The  siptif  leant  findings  seem  to  be  that  I)  even 
though  the  pilots  could  see  the  horizon  with  reasonable  clarity,  their  ratings  of  attitude  cueing 
degraded  dramatically  with  fogged  lenses  (poor  micro-texture  of  the  visual  external  field),  and 
II)  their  ratings  of  longitudinal  and  lateral  translational  control  degraded,  both  with  reduced 
field  of  view,  and  with  the  loss  of  micro- texture.  The  dfscussfon  (n  reference  19  nsy  shed  ffghf 
on  these  results.  Spetial  orientation  is  largely  derived  from  the  wfclent  node  of  vision,  which 
requires  a  visual  scene  with  good  "spetial  texture". 
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Ficpjre  §  L/MWS  Research  Simla  tor,  Patterson  AFB 


The  influence  of  time  delays  on  sinulator  asses  merits  of  flying  qualities  also  receives  rigorous 
treatment  in  reference  15.  In  particular,  the  value  of  analytical  models  to  determine  the  effect 
on  loop  closure  of  time  delays  from  various  conponents  of  the  sinulator  is  presented.  In  sumary, 
"accumulated  time  delays  from  a  variety  of  simulator  component  sources  will  cause  reductions  in 
the  effective  system  bandwidth,  relative  to  those  in  flight.  If  the  bandwidth  chance  occurs  in  a 
rating  sensitive  region,  the  sinulator  will  be  more  poorly  rated  than  flight  for  this  reason 
alone.  For  region  of  flat  rating  trend  with  bandwidth,  excessive  time  delay  and  associated  phase 
lag  will  still  lead  to  anomalous  simulation  results. 

'Measurement  of  pilot  behaviour  in  flic^t  and  sinulator,  directly  as  by  frequency  donain  or  model 
matching  methods,  or  indirectly  as  by  phase-plane  trajectories  is  an  invaluable  tool  for  judging 
overall  sinulator  fidelity.  Further,  it  can  produce  direct  or  inferred  insists  into  the  specific 
causes  of  sinulator  difficulty  and  pin-point  possible  fixes  or  cures". 

The  fidelity  of  a  simulation  also  depends  on  the  task  which  is  given  to  the  pilot.  A  swell 
perturbation  tracking  task  mey  reproduce  all  the  elements  necessary  for  comparison  with  flic^it, 
whereas  a  complex  loop  closure,  such  as  visual  high  speed  low  level  flight  nay  not.  In  this 
respect,  a  wealth  of  experience  has  been  gathered  over  the  years  to  cast  doubt  on  the  validity  of 
ground  based  s  imitation  in  two  areas. 

I.  Certain  types  of  pi  lot  induced  oscillations,  where  the  pilot  is  expected  to  stabilise  a  loop 
with  marginal  stability,  and  in  consequence'  has  to  generate  lead  or  lag,  and  change  the 
cross-over  frequency.  Previous  contrlbut ions  to  this  Lecture  Series  illustrate  the  wide 
understanding  that  exists  of  p.i.o.  related  mechan ism.  Now  It  is  possible  early  in  the 
desicpi  of  a  new  aircraft  to  take  account  of  p.i.o.  situations,  and  reduce  their  likelihood. 

The  f1i«J>t  control  system  ensures  we  1 1 -damped  inner  loops,  and  the  control  inceptors  are 
tailored  to  provide  well  behaved  responses.  Even  so,  p.  i.o.'s  can  never  be  forgotten,  and  can 
occur  from  unexpected  sources. 

A  'trigger'  mechanism,  such  as  an  PCS  failure,  is  usually  involved,  and  difficult!' vs 
sometimes  arise  in  reproducing  the  occurrence  of  a  p.i.o.  An  aircraft,  flown  without  trouble 
by  nwny  pilots  for  hundreds  of  hours  can  suddenly  exhibit  e  p.i.o.,  after  which  It  is  easy  to 
find.  One  such  exanple  occurred  during  spin-recover  testing.  Following  the  recovery,  a  pitch 
p.i.o.  occurred,  increasing  inmgpitude,  then  subsiding.  The  explanation  (found  by 
ground-based  simulation)  was  that  there  was  a  leg  term  built  into  the  pitch  feel  dynamic 
pressure  scheduling,  end  that  the  rapidly  changing  flic^it  condition  allowed  high  gain  in  the 
pitch  FC5  for  a  siytif leant  period  during  the  recovery. 


2.  Umided  visual  lending  approach  and  Mere.  The  elements  of  model  I  ing,  visual  cues,  motion 
cues  and  time  delays  el!  influence  the  quality  of  siwuteting  this  task.  In  the  case  of 
we  1 1 -behaved  transport  aircraft  doing  stately  approaches,  the  only  area  of  concern  is  that  of 
touchdown  performance  -  In  particular,  comparisons  of  sink  rate  at  touchdown  comparing  flight 
measurements  with  s imitation  invariably  shew  factors  of  two  In  performance  -  with  nuch  heavier 
landings  occurring  In  the  simulator  (Figure  10).  There  is  also  a  considerable  difference 
between  pilot*  -  its  it  almost  possible  to  classify  the  pilots  into  two  grotqo  "good  sinulator 
pilots”,  and  "bed  simulator  pilots”.  It  Is  suggested  in  reference  20  that  the  problem  is  not 
a  physiological  one,  of  differences  between  pitots  in  perception  or  response  time,  but  e 
psychological  one.  In  which  the  good  pilots  believe  what  they  tee  and  feel  (inadequate  as  it 
Is),  the  others  do  not,  and  thereby  incur  a  lag  due  to  incredulity.  The  only  solution  Is  to 
Improve  the  quell ty  of  the  infonwtlon,  end  to  remove  known  deficiencies.  Several  researchers 
have  noted  the  need  for  good  representation  of  aerodynamic  ground  effects.  V5T0L  and 
helicopter  simlatlon  also  suffers  near  the  growl.  A  useful  concept  in  defining  fidelity  is 
to  consider  a  speed /height  base,  within  which  fidelity  of  ground  based  simulation  is  suspect. 
The  size  of  the  box  depends  on  the  sinulator,  but  few  simulators  could  be  truthfully  said  to 
have  fidelity  within  a  50  loiot/SO  feet  box.  The  task  of  the  siwuletor  engineer  is  to  shrir* 
that  box. 


rimental  Results  -  Quasi -Linear 


itudinal  Short-Period  Criteria 


Work  in  the  fifties  and  sixties  related  both  to  fighter  aircraft  and  to  transport  aircraft 
desists,  and  many  experiments,  In-f  I  icjit  and  grotmd  based,  wmre  conducted  to  establish 
criteria  relating  to  the  short  period  oscillation.  Two  typical  results  are  seen  on  figures  4a 
and  4b.  Considerable  differences  in  such  bomdaries  from  di f ferent  experiments  were  apparent. 
Better  correlation  was  achieved  by  introducing  an  additional  parameter  which  defines  the  lag 
between  the  generation  of  pitch  rate  and  lift.  Any  of  the  three  parameters,  L„,  nc,  and  T«, 
alt  closely  related,  achieve  this  purpose.  Reference  21  describes  fixed  ha se  sinulaTor  trials 
showing  the  importance  of  this  factor. 

Further  work  by  Boeing  is  reported  in  reference  22.  Trials  on  both  a  fexed  base  siimlator, 
and  on  a  variable  stability  aircraft  (their  Boeing  367-80),  established  the  bouidaries  seen  on 
figures  tl  and  12.  At  low  speed  (nE-<  15),  L*is  the  preferred  lift  parameter,  and  at  higher 
speeds,  n«  is  used.  The  assessments  were  based  on  large  aircraft  requirements  for  cl  inb, 
cruise,  ana  landing  approach.  The  agreement  between  sinulations  (and  known  aircraft)  is  good. 
The  figures  do  not  show  that  bounds  are  needed  on  the  values  of  ,  L«  and  nm-  for  these 
criteria  to  be  applicable;  for  example,  very  low  values  of  L,  and  can  produce  poor 
handling,  even  if  the  ratio  seems  acceptable.  The  existence  of  a  lower  limit  can  be  inferred 
from  figure  4(c) . 
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fctore  work  on  short  period  requirements  using  the  Cafspan  T -33,  is  described  in  reference  23. 
The  tasks  used  for  assessment  ernre  more  akin  to  filter  manoeuvres,  and  the  possibility  of 
pilot  induced  osci  1 1  lations  was  addressed.  One  conclusion  states  "feel  system  and  control 
system  dynamics  can  have  significant  attenuating  effects  on  the  abrtpt  pitch  response  at  high 
frequencies,  and  therefore  such  characteristics  are  of  considerable  importance  in  the  anaytsis 
of  handling  qualities  reus  Its".  Attention  was  also  drawn  to  the  importance  of  the  poramter 
"®M6x/pES'  the  maxinun  pi  tching  acceleration  per  elevator  st idc  force.  This  parameter  relates 
to  BThril's  criterion  (reference  24)  and  influenced  the  short  period  requirement  for  Category 
C  (low  speed,  (ending),  seen  on  figure  14. 
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6.2  Low  Speed  Longi tudinal  Rgi|rganti  for  AtVanccd  Transport  Aircraft 

An  NLR  study  using  both  a  ground  bo  sad  siaulator,  and  the  TIPS  variable  stability  aircraft  at 
Cal  span  is  reported  In  reference  25.  The  grow)  based  sieulator  Incorporated  a  four  degree  of 
freedom  motion  system,  and  a  TV/aodel  board  visual  system,  to  allow  the  slant  at  ion  of  a  visual 
approach  and  landing,  as  well  as  an  instrument  approach.  Great  care  was  taken  to  explicate 
the  tasks  in  the  ground  based  si  aula  tor  and  in  the  TIPS. 

The  basic  stability  of  a  siaulated  transport  aircraft  was  and! fled  by  a  rata  ceanwnd/attitude 
hold  ftic^it  control  systmn,  and  by  direct-lift  control  inputs.  Based  primary  on  pilot  ratings 
and  awmentary,  bexmdaries  between  "satisfactory"  and  "acceptable”  handling  qualities  (3.5) 
were  established,  and  coape  red  to  existing  criteria,  ftfany  valuable  results  werguj  from  this 
work.  Al though  scam  differences  between  ground  based  and  in-f I tefit  slaulation  were  observed 
(sink  rates  at  touchdown,  for  exaapie  Figure  13),  In  general  the  correlation  of  results  was 
good,  including  the  ratings  relating  to  variations  in  short  period  frequency,  and  in  pitch 
rate  ov  ershoot.  Figure  16  shows  the  mean  ratings  from  the  grand  based  s imitation,  compared 
to  MIL-F-87I5-C.  Modifications  to  this  rec^iirsmant  ware  reconmanded. 
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Conp.rtson  of  vortical  speed  at  touchdown 


Figure  13 


Figure  14 


6.3  Sp.ce  Shuttle  longitudinal  Lending  Flying  Qualities 

A  good  accouit  of  the  use  of  fllcftt  sfnulatlon  to  Irtprove  the  flying  qualities  of  the  shuttle 
is  given  in  reference  26.  Early  approach  and  landing  tests  had’  indicated  a  tendency  to 
p.i.o.s  near  touchdown .  Analysis  of  the  records  shotted  that  due  to  the  hardware  and 
mechanisation  of  the  pitch  flight  control  system,  there  an  an  effective  time  delay  between 
the  pilot  Input  and  the  alrplwte  response.  Sanpl  ing  in  the  digital  FCS  count ributed  to  the 
delay,  and  natters  were  made  worse  if  the  pilot  used  large  inputs,  because  the  eleven 
actuators  snuld  exhibit  rate  limiting,  The  problon  was  tackled  from  several  directions.  An 
F-*  Digital  FEW  aircraft  was  used  to  study  the  inter-action  of  time  delay  and  hl^i  bandwidth 
requirements.  A  fixed  base  sinulator,  with  a  CRT  display  to  tailor  the  task,  was  used  to 
study  adaptive  filters  in  the  PCS,  and  to  stpport  nathenwtlcal  modelling  of  the  p.i.o. 
Extensive  ground  moving-base  and  In-f  I  i^lt  s  imitations  were  conducted,  on  the  FSAA  and  VMS 
simulators  at  NASA  Ames,  and  the  TIFS  at  Calspen.  It  was  found  that  the  in-flight  sinulator 
was  more  likely  to  predict  the  occurrence  or  a  p.i.o.  The  VAC  has  larger  vertical  travel  than 
the  FSAA,  and  was  preferred  to  the  FSAA,  but  was  not  as  p.i.o.  prone  at  the  TIFS.  Although 
the  p.i.o.  tendencies  were  not  the  same,  the  SAB  and  the  TIFS  produced  similar  evaluations  of 
the  basic  handling  qualities  for  less  domndlng  tasks. 

The  lessons  learned  from  the  shuttle  experience  have  been  shown  to  apply  to  the  approach  task 
for  flatter  aircraft  (reference  27). 

6.4  Roll  Response  Requirements  for  Advanced  Aircraft 

Reference  21  describes  work  at  MR,  equivalent  to  that  turner i sod  In  section  6.5,  relating  to 
the  roll  response  requirements  for  a  transport  aircraft  with  a  rate  contend  (attitude  hold 
system,  In  the  landing  approach  and  touchdown  task.  Pilot  ratings  ware  obtained  from 
assessments  In  the  MJt  moving  bate  fli^it  sinulator  of  different  canfainatlone  of  roll  detping 
end  nexlnun  rolling  acceleration.  The  results  ere  ccnpared  with  various  requiramnts  and 
criteria  from  other  sources.  A  coaparison  Is  nede  (figure  15)  with  the  boundary  seen  on 
figure  4f.  The  perfect  correlation  may  <me  something  to  good  for  turn,  but  could  equally  be 
attrltxjted  to  good  experimental  practice.  Since  one  trial  eas  fixed  base,  end  the  other  with 
cockpit  motion,  the  motion  cues  do  not  seem  to  have  Influenced  the  pilot  ratings.  Later 


results  from  the  TIFS  allowed  the  low  roll  dwplng  case  R-t,  to  be  centered  to  an  ln-f I l^it 
evaluation.  The  more  favourable  rating  (average  CHt  =  5.7)  from  f I l«Jit  ml<JU  be  attributed  to 
minor  shortcomings  of  the  visual  system  in  the  ground  based  simulator.  The  difference,  less 
then  one  point  on  the  Oft  scale,  is  not  large,  but  the  inference,  of  being  within  the 
'acceptable*  boundary,  is  significant. 


Figure  15  Handl  ing  Quel  itles  in  Roll 


Rolling  requirements  have  been  conpl  lea  ted  by  the  introduction  of  high  gain  manoeuvre  denand 
systems.  The  roll  rate  feedmek  gain,  to  minimise  response  to  external  disturbance,  has  to  be 
balanced  by  high  gain  in  the  forward  path.  Forward  path  filtering  is  then  needed  to  reduce 
the  roll  sensitivity.  For  fleeter  aircraft,  high  maxinun  roll  rates  are  wanted  throughout  the 
flight  envelope,  and  non-linear  relationships  between  stick  force  and  roll  demand  are 
necessary.  The  use  of  a  force  side-stick  adds  to  the  desigi  problem.  The  classic  exaiple  is 
the  F-16,  and  the  roil  p.l.o.  which  caused  an  Inadvertent  first  flight.  The  problem  is 
described  in  reference  29,  which  makes  the  point  that  in-fli^t  simulation  played  an  inportant 
role  In  producing  tha  solution.  A  related  handling  deficiency  in  roll,  "roll  ratchet  ting", 
yielded  to  analysis  and  fixed  base  slnulation,  which  resulted  in  good  correlation  with 
in-fligit  slnulation  (figure  If).  It  is  instructive  to  cenpare  the  roll  rates  for  full  stick 
implied  by  Figure  16  and  the  corresponding  rA,  with  the  Figure  15  boundaries  (assure  10  lbs 
for  full  stick).  The  p.  i.o.  area  lies  in  the  top  left  comer  of  Figure  15.  Conventional 
aircraft  have  prbtems  in  the  bottom  ricfit  corner! 
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Figure  16  Foil  Fatchet  Comparison,  Flight  and  Simulator 
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6.5  Lateral  Stability  «nd  Control 

Mny  siaulat Ions,  fixed-base,  moving-base  and  in-fli(pit  have  baan  aade  to  establish  crltarta 
for  tha  rolling,  aplral,  and  tfcjtch  roll  amdas,  and  for  excitation  of  these  modes  by  control 
movements.  Fraquancy  dcao In  parameters  provided  tha  most  convenient  form  to  eiprets  the 
criteria,  and  acre  used  to  frame  tha  aibsetpiant  Flying  Qjallties  Requirements.  Reference  11 
deals  with  these  results  in  detail. 


Further  insists  into  lateral  flying  qualities  Is  gained  by  considering  dimensional 
derivatives,  such  as  N.  ,  ,  Lt  ,  Nt^  .  These  derivatives  indicate  the  nognltude  of 

excitation  -  for  axaiple.  Logies  a  direct “ncasure  of  the  initial  response  in  roll  to  a  side 
gust.  Figure  17.  from  reference  30,  shoes  the  results  of  an  in-fli^it  sieuletion  study,  using 
the  variable  stability  Phvlon  at  Princeton  University.  The  pilot  rating  boundaries  are 
plotted  in  terms  of  and  r,  ,  the  rolling  mode  time  constant.  A  similar  study  using  a 
ground  based  sinulator  (reference  311  produced  very  similar  ratings  for  the  level  of 
turbulence  represented  In  fli^tt.  As  mirfit  be  expected,  the  pilot  rating  varies  with 
turbulence  level  (figure  161.  Systematic  study  of  the  effect  of  turbulence  on  flying 
qualities  (as  opposed  to  ride  comfort)  is  a  neglected  area.  Opending  on  the  control  loop  and 
the  excitation,  the  pilot  nay  redbce  or  modify  the  effects  of  turbulence.  In  the  latter 
case,  his  best  control  strategy  is  to  minimise  his  irputs  consistent  with  retaining  control  of 
the  inertial  fli^it  path.  The  question  still  remains  whether  open  loop  criteria  ,  for 
exanple,  bounds  on  the  bank  and  yaw  excitations  due  to  gusts  (figure  191,  or  closed  loop 


Figure  19 


criteria  should  ba  the  faaaia  for  apaclf icat Iona.  There  it  a  ahortfall  in  the  specification  of 
racyji raeants  sbich  cater  for  flying  qal  itles  in  all  ateoifdierlc  conditions.  Modem  fIMit 
control  technology  can  atUress  tut  can  tic  guet  a  I  lav  let  Ion,  tut  even  than,  there  ia  a  need  to 
insure  that  the  system  that  amkilatas  the  response  to  external  disturbances  does  not  detract 
fraa  the  aanoauvring  capability  of  the  aircraft. 

Before  leaving  the  topic  of  lateral  handling  in  turbulence.  It  is  north  noting  that  growl 
baaed  siaailators  with  notion  systaas  (even  of  nodes t  perforaanca)  have  produced  hand! Ira 
qualities  asses aeants  that  correlate  wall  arlth  results  from  fli^it  trials.  At  the  seen  ties, 
fixed  and  moving  base  siaailators  produce  dtffarmit  results,  and  the  character  of  the  pilots 
control  inputs  changes,  as  seen  in  the  mnpls  on  Figjro  20  from  reference  31. 

WI1HSST  HSTISM  SITU  MillSH 


Figure  20 . Ccnper i son  of  fixed  and  moving  bate  similatlon  in  turbulence 


1  ■  Experimental  results  -  large  excursions 


The  exngiles  of  Section  6  help  to  satisfy  the  need  for  experimental  results  to  support  Improve 
nents  to  Handling  Omlities  Specifications.  Cowpared  to  the  sixties,  there  has  been  a  sharp 
rerfcictlan  In  such  experiments,  and  the  lack  of  data  has  to  seme  extent  hindered  the  development  of 
Specifications  to  daal  with  the  types  of  aircraft  now  being  designed.  A  further  hindrance  has 
been  the  application  to  aircraft  design  of  now  technology.  Including  relaxed  stability, 
fly-by-wire,  and  multiple  redtndsncy.  Their  influence  on  flying  qualities  specifications  was 
discussed  by  A'Hsrrah  and  Woodcock  in  19«1  {reference  32).  They  observed  that  there  had  been  an 
"erosion  In  confidence,  and  a  lack  of  canmitxwnt  to  wderstand  the  specification,  and  to  actively 
utilise  the  specification  guidance  during  the  evolution  of  the  design."  Che  of  the  reasons  for 
this  situation  sms  given  as  folloas:  "The  Specification  used  to  be  the  primary  tool  for  evaluating 
Flying  Qmllties  before  first  flight.  FI  icpit  Simulators,  of  Increasing  sophistication  as  the 
desigt  progresses,  are  now  utilised  as  an  integral  part  of  the  design  process.  The  coiputational 
capabilities  avsi  table  to  support  simulation  hardware  can  model  the  complex  aircraft  atxl  flight 
control  systems  for  pilot  evaluation.  Indeed,  the  desi?i  of  advanced  aircraft  today  is  virtually 
taithinkable  without  sUmtentlal  flight  siwuletion  support.  Because  of  its  sophistication  and 
direct  Involvement  with  pilots,  the  simulator  nmy  be  more  read! ly  believed  then  the  specification, 
whether  warranted  or  not." 


The  views  ere  even  more  relevant  today,  excepting  perhaps  their  last  qualification.  Mxfem 
aircraft  are  caipletely  dependent  on  avionics  -  for  cockpit  display*,  fllgjhl  control,  end  systmm. 
Extensive  ground  testing  of  hardware  and  software  is  essential  prior  to  fli^it,  part  of  this 
testing  includes  pilot  evaluation  of  flying  qualities.  It  Is  no  longer  eufficient  to  chose  an 
isolated  task  and  fll^it  condition  for  aitesanwnt;  the  full  envelope  hws  to  be  eiplored.  Ihe 
engineers  and  pilots  have  to  assure  t  home  Ives  that  both  the  fine  control  of  'he  aircraft,  and  its 
behaviour  in  extreme  conditions  will  not  cause  problem  In  fli^st.  Exmples  of  flic^t  similatlon 
evaluations  of  the  latter  type  will  now  ba  given. 

7.1  The  most  recent  exmples  are  the  clearance  to  flitfit  of  the  British  E/V  and  the  French  Rafale 
prototype  aircraft.  Both  aircraft  use  relaxed  stability  to~arfance  aanoauvring  capability, 
and  could  not  be  Moan  without  thwir  fly  by  wire  control  systems  with  miltiple-redundancy. 
Within  seeks  of  first  fli^it  both  aircraft  ware  being  Jam  titrated  at  low-level  in  iwpressive 
aerobatic  routines.  The  confidence  for  such  damns  tret  ions  was  based  m  grourd -based  rig  and 
Simla  tor  testing. 

The  standard  of  siwuletlon  needed  to  clear  the  PCS  for  the  EAP  is  described  in  reference  33. 
It  Is  far  moved  from  that  used  twenty  years  age,  to  study  flying  quality  requimesils. 
Figure  21  shims  the  various  elmmnts  Included  in  the  shulatlon.  From  the  flying  qualities 
starwpolnt,  the  aerodynmwtc  model,  and  the  fllrfit  control  system aodel  are  of  interest.  It  Is 
difficult  to  relate  the  aerodynmic  modeT  to  the  linearised  force  and  mm  ant  coefficient 
mxfels  which  were  once  sufficient.  Data  It  transferred  to  the  s imitator  host  eowputer  In  the 
fonw  of  hypercubes  -  arrays  of  rubers  which  include  all  non-linearities  met 
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Fl^jra  2t  EAP  Slaulatlon  Block  Diagram 


cross-coefficients,  which  are  interrogated  at  high  speed  to  provide  the  correct  forces  and 
moments  on  the  airframe  at  all  times.  Typically,  the  coaputer  handles  O.S  million  coeffi¬ 
cients.  the  critical  coefficients  are  ipdated  300  Hams  per  second.  The  flicpit  control 
system  model  is  also  ceaplex.  Features  include  aailtlpla  feedbacks,  non-linear  gain  and  filter 
shaping,  forward  path  scheduling,  limiting  and  earn  I  torlng.  the  FCS  irons  out  aerodynamic 
non-linearities  and  cross-cocpl  Ing,  and  takes  accocnt  of  the  incidence  Is  ides  I  I  p/g' speed /height 
envelope  to  allow  carefree  handling. 

There  are  several  consequences  to  this  level  of  sinulator  activity.  First,  the  capability  of 
the  sinulator  Is  stretched,  particularly  in  the  area  of  modelling,  and  qualification  of  the 
model.  Good  standards  of  doccenentat Ion  are  essential.  Secondly,  classical  flippit  mechanics 
methods  of  investigating  flying  quality  deficiencies  do  not  apply;  neither  the  aerodynawic 
model,  nor  the  ftt^st  control  system  model  can  be  Inspected  with  ease.  Third,  the  fli^it 
sinulator  beconss  a  general  design  tool,  in  defining  the  fCS,  the  engineers  have  used  analyt¬ 
ical  methods  and  conputer  models,  together  with  a  knowledge  of  flying  qualities  criteria. 
Even  so,  real-time  simulation  is  the  point  where  all  the  ccnponents  come  together  for  the 
first  time,  including  representative  forcing  Deletions  (pilot  and  external  disturbances. 
Inclining  groteid  constraint).  Iteration,  based  on  Inspection  of  responses,  is  the  key  to 
success,  and  the  FCS  engineer  who  says  "yes.  we  know  about  that,  and  it  Is  taken  care  of  in 
the  next  issue  of  the  FCS  software’  is  usually  being  economical  with  the  truth.  Althou^i  the 
technique  Is  different,  the  challenge  to  provide  good  flying  qualities  still  renal  ns.  Re¬ 
peated  evaluations  are  needed  -  often  It  is  after  many  hours  of  assessment  tlmt  a  loose  end  is 
spotted  -  an  uwamted  cotpling,  a  pitch  attitude  drop-back,  a  restrictive  limit,  or  a  coot- 
bination  of  controls  that  induces  trouble.  Chce  found,  these  things  are  so  obvious. 

7.2  Lateral  Departures 

Carefree  manoeuvring  is  still  a  liecury,  and  the  manoeuvring  envelope  of  many  filter  aircraft 
is  determined  by  lateral  stability  and  control  at  high  Incidence.  The  need  to  use  high 
incidence,  particularly  at  I  me  speed,  is  dictated  by  requironents  relating  to  air  combat.  The 
ixvterstandlng  of  aerodyrwmlc  phonoana  In  this  region  has  greatly  inproved,  so  that  the 
opportuil ties  for  sinulation  have  been  enhanced.  This  region  of  flight  is  aure  appropriately 
studied  on  ground  based  slnsilatori  rather  then  airborne  lieu  I a tors  -  in  fact,  the  study  of 
these  effects  on  the  actual  aircraft  is  not  without  difficulties.  Because  of  their  non-linear 
nature,  repeatability  of  a  manoeuvre  is  not  assured,  and  it  is  often  very  denunding  on 
piloting  skill  to  achieve  a  test-point  In  the  air.  Fli^it  data  is  needed  to  confirm  the 
aerodyrwmlc  model;  than  the  sinulator  can  be  used  for  axplorat ion  -  the  effects  of  trim, 
aircraft  configuration,  and  fllpftt  condition.  The  result  is  a  plot  of  departure  bomderles. 
together  with  the  nature  of  the  departure  and  how  to  recover.  In  practical  terms,  the 
Cleersnce  fethority  can  than  incorporate  manoeuvre  restrictions  Into  the  Pilots'  notes,  as 
necessary.  Alternatively,  the  control  systom  could  be  developed  to  allow  hi<#t  incidences  to 
be  achieved  without  departure  -  the  Spin  Prevention  and  Incidence"  Limiting  Systwn  (SPILS)  on 
Tornwdb  is  such  o  development. 


Alt  of  the  work  of  this  nature  at  Her ton  (relating  to  Jaguar  and  Tornado)  nos  conducted  on 
fixed  base  sinulators;  a  proportion  of  the  essesamnts  used  a  wide  field  of  view  vieuel  system 
inside  e  dome. 

The  use  of  gnxsxHmsed  sieulotlon  to  srpport  F-teA  low  altitude  higpt  angle  of  ottsck  flltftt 
tatting  le  Ascribed  In  reference  le.  Over  2000  total  nwnoeuvret  were  flown  on  the  shrulator. 
involving  ill  aspects  of  the  flight  test  prograame,  from  initial  test  planting  to  post  fti£it 
aenoewre  analysis.  From  the  sinulator  reoults,  the  critical  departure  aerometers  were 
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idantifiad,  and  departure  trends  aara  daflnad.  As  a  result.  tha  amnesia ras  in  tha  aircraft 
taat  plan  aara  dadlcatad  to  acccaplishlng  ttia  critical  program  dnaanatratlan  arepioints.  The 
alaailatien  progi  —  ccntributad  groatly  to  fll0«t  aafaty.  Pilots  naro  ami  I  ratmarsad  for 
each  damns  trail  on.  Details  of  tha  softaara  and  hordtara  standards  usad  by  Gruomn  are  given 
in  tha  rafaronca.  Siaulator  fldallty  is  discus  sad,  canfinaing  tha  viaa  that  it  is  a  relative 
igmntity.  The  acceptability  of  tha  siaulator  fldallty  aas  based  an  mgwrisnoe,  faalliarity 
alth  tha  aircraft,  and  bast  engineering  Judgment.  Tha  slaulatlon  aas  deaaad  acceptable  as 
long  as  it  provided  a  ‘close  but  cansarvat Iva"  representation  ef  tha  aircraft's  departure  and 
recovery  characteristics.  Using  emulation  support  In  this  aay,  the  F-H'i  departure  charac¬ 
teristics  aara  safely  dawns  t  rated  at  angles  ef  attack  greater  than  St  degrees  alth  full 
engine  thrust  asyaamtry  at  altitudes  be loa  10, Me  feet. 

7.3  Spinning 

If  recovery  from  lateral  departure  is  net  effected,  spinning  aril  I  follov.  Like  aany  hl&y 
performance  aircraft,  tha  F-lt  ediibite  several  spin  nedas.  Tha  aircraft  aay  transition  Into 
an  aerodynamical ly  stable  flat  spin  mode  (M  degrees  MM  alth  Increasing  yse  rate  to  lit 
degrees  per  second).  The  pilot  can  be  subject  to  "eyeballs  out"  g  forces  as  high  as  t  1/2  g, 
resulting  In  alamst  total  Incapacitation  If  his  shoulder  harness  Is  not  securely  locked. 
Reference  35  describes  siaulator  trials  to  study  tha  slrcraa  safety  prebtaaa,  using  the 
Dynmalc  Flight  Siaulator  (0F5)  at  NMIC,  Nsnainster.  Tha  key  s (meant  is  a  huaan  centrifuge 
amt  Ion  platform  alth  three  degrees  ef  freedom  -  a  It  foot  diaaeter  gondal  suspended  in  a  cbal 
global  system,  on  the  and  of  a  50  foot  arm.  The  system  can  provide  lOg  per  second  onset  rate, 
be  tea  an  1.5  and  15g.  The  elements  of  tha  siaulator  are  seen  on  Fibers  22.  hhny  aspects  acre 
studied.  Including  the  effect  on  spin  recovery  of  recovery  initiation,  height  lost  during 
recovery,  tha  affect  of  altitude  an  entry,  the  naod  for  recovery  displays,  and  the  desiipi  of 
the  reetralnt  system.  Valuable  data  mere  obtained  from  the  teata  although  (not  aurprisingly) 
flight  validation  mas  sparse.  Fidelity  eppacte  of  the  centrifuge,  and  the  control  algorithms 
ahich  were  used,  ere  dealt  with  in  papers  given  at  tha  seam  AIM  conference. 
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Figure  22  cacartt 

DYNAMIC  FLIGHT  SIMULATOR  (DFS)  BLOCK  DIAGRAM 


7.s  Ski-ham 

Also  presented  at  this  conference  aet  a  paper  from  kfcDomel  I  Aircraft  Ccapany  (reference  3*) 
Ascribing  groin!  booed  siaulator  trials  to  determine  the  likely  success  of  srbancirg  the  F-1J 
take-off  performance  by  landing  gear  modifications  to  allow  take  off  vrme  a  ski-|uip  rasp. 
Real-tkm,  non  in  the  loop  ahajlat Ion  an  considered  necessary  to  study  tha  handling  arm 
fH(hf  control  septets.  The  shmilitor  program e  aas  fdlloaadby  flf^it  testing;  «  caparison 
batsmen  flltfit  and  siaulator  Is  seen  on  figure  23.  It  it  concludsd  that  the  program  benefited 
tlgpil  f  leant  ly  from  tha  extensive  siaulator  effort.  The  siaulator  provided  sate  I  valuation, 
a*  well  at  pilot  f mull  larieat  Ion  and  training.  It  established  safe  operating  envelopes,  and  a 
Aval  Air  Teat  Canter  report  said  that  "aimaletlon  Is  the  perfect  tool  to  evaluate  different 
akl  imp  profiles". 
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7.5  General 

The  above  examples  are  a  snail  cross-section  of  specific  trials.  Of  a  more  general  nature  is 
the  value  of  sinulatlon  In  the  study  of  atmospheric  phenomena,  and  their  effect  on  flying 
qualities.  In  the  sixties,  simulators  contributed  to  the  understanding  of  the  deep-stall 
problem  and  the  let-upset  problem.  Reconmendations  emerged,  not  only  to  show  fTTrm  control 
system  modifications  to  minimise  the  problem,  but  also  to  advise  the  pilots  on 
flying  techniques  to  inproved  safety.  More  recently  incorporating  conplex  atmospheric  models 
of  the  micro-burst  have  helped  engineers  to  understand  the  mechanisms  involved,  and  have 
Itelped  pi  lots  to  deal  with  the  operational  aspects. 

0.  Future  Prospects 

Without  question,  fli^il  simulation  will  play  a  vital  role  In  the  design  and  clearance  of  all 
types  of  future  aircraft  -  civil  and  military;  conventional,  V5TOL  and  helicopters.  Hardware 
improvements  are  allowing  increased  fidelity  in  siimlation.  Additionally,  the  complexity  of 
aircraft  design  increasingly  calls  for  simulation  as  an  essential  step  in  the  clearance  process. 

a.l  Sjmilator  Improvements 

The  ccnplwnentary  nature  of  airborne  and  ground  based  similator  testing  is  unlikely  to  change. 
Standards  of  in-flight  slnulation  wi  1 1  inprove  for  several  reasons.  Hardware  irrprovements  now 
available  include  sensors,  actuators,  data  transmission,  and  airborne  computing.  Programmable 
electronic  displays  can  more  easily  replicate  those  intended  for  a  new  aircraft,  so  that  the 
range  of  tasks  which  can  be  simulated  will  expand.  Telemetry  ground  links,  and  nunitoring 
devices  offer  more  benefits. 

Ground-based  slnulation  Is  also  inproving.  Atost  companies  and  agencies  are  up  dating  slmila 
tor  laboratories  with  Inproved  hardware.  A  better  understanding  exists  in  the  slnulator 
comunity  of  the  source  of  current  limitations  -  In  visual  cues,  motion  cues,  and  time  delays 
-  and  means  of  removing  these  limitations  are  appearing.  The  inter-actions  between  these 
three  factors  are  recoyilsed,  and  fundamentals  are  being  addressed.  Recent  inprovonents  in 
visual  display  hardware  offer  higher  resolution  and  wider  field  of  view  displays.  Equally 
lapresslve  is  the  recent  progress  in  image  generation.  Processing  posmr,  allied  to  coopera¬ 
tion  techniques.  Is  taking  the  sting  out  of  lime  delays. 

8.2  Aircraft  Desiy 

We  saw  in  section  7  that  aircraft  designers  are  inclined  to  test  their  ideas  on  simulators, 
and  reduce  the  role  of  the  Flying  Qualities  Specification  into  that  of  a  check  list.  That  is 
only  half  of  the  story.  Clearly,  the  Procuring  Authority  needs  a  document  such  as  MIL-F-8587C 
to  lay  down  a  requirement  for  a  new  aircraft.  Blit  aircraft  procurement  today  is  not  a  sirtple 
buyer/suppHer  situation  -  on  both  sides,  teams  are  likely  to  be  involved.  In  the  case  of  a 
team  of  suppliers,  involving  large  cortpenies,  with  different  philosophies,  there  Is  a  need  for 
a  unifying  force,  an  operating  framework.  In  the  case  of  flying  qualities,  the  Mil  Spec 
provides  that  framework.  Be  way  not  obey  the  ten  comrendnents,  but  we  are  all  benefactors 
from  their  existence. 

The  aircraft  deshyi  problem  has  changed,  particularly  In  the  area  of  flying  qualities  and 
fll^it  control.  Responsibility  for  good  flying  qualities  resides  mwe  In  the  domain  of 
avionics  than  it  did  in  the  past.  The  flight  control  system  can  be  rude  to  do  a  better  job 
than  the  pi  lot  in  irony  areas  -  in  manoeuvre  limiting,  and  monitoring.  The  Idea  of  levels  of 
flying  qualities,  to  deal  with  control  degradation,  has  mich  less  meaning  for  modem  aircraft 
than  It  had  tan  years  ago.  But  the  pilot  is  still  the  key  element,  and  the  design  mist 
Incorporate  his  preferences.  Section  7  shows  the  wide  scope  of  investigations  now  required. 
The  task  Is  a  critical  element,  and  a  specification  based  on  only  3  categories  A,  B  and  C  is 
inadequate  for  desicyt  purposes. 
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8.3  Flying  ftgljjjw  Specification 

A  general  specification  which  ewbraces  all  possibi  I  it  let,  and  sat*  Mandatory  requirwawnts,  is 
difficult  to  foraiiiata.  Applying  it  to  a  desicyt  using  new  principles  of  control  is  also 
difficult,  and  proving  coapl  iance  is  not  easy.  The  question  arises  whether  a  general 
specification  is  wort  hah  i  le,  when  najor  projects  are  few,  and  whan  there  nay  be  tine  to 
prepare  a  specification  tailored  to  each  project. 

As  we  have  seen,  the  specification  serves  other  purposes,  and  should  be  revised  rather  than 
rejected.  Two  possibilities  could  be  explored.  Che  possibility  is  to  teen  towards  the  format 
adopted  in  the  British  revision  of  MP  970  Owiptar  6.  Flying  Qualities  Raquiraaents 
(reference  37).  The  mandatory  requirements  are  phrased  in  non-numerical  terms,  using  phrases 
like  "shell  not  give  rise  to  piloting  difficulties”.  Each  requirenant  refers  to  an  acceptable 
means  of  carpi  iance  (A. M.C) .  In  this  way  novel,  non-coapl  iant  solutions  can  be  offered.  The 
revision  will  be  conplete  whan  an  ecpivalent  section,  acceptable  means  of  dannstratlon  is 
couplets.  Such  dmunstration  will  include  analysis  and  similatlon. 

The  other  possibility  is  to  have  a  framework  specification,  to  which  can  be  added  the 
rawer ical  recpi resents  and  background  information  which  is  appropriate  to  a  defined  new 
project.  The  opportunity  would  then  arise  to  define  also  the  extant  to  which  f  I  i^it 
simulation  is  relevant  to  the  design  and  development  process. 

The  requirements  themselves  need  to  be  examined.  Althou^i  dm  'equivalent  systwn'  approach 
deals  with  some  of  the  features  of  modem  digital  fllcjit  control  systems,  definition  of  what 
is  an  ec^ii valent  system  is  inprecise.  An  alternative  or  caaplcmantary  forwwt  for  specifica¬ 
tion  is  to  use  parameters  which  emerge  from  the  examination  of  time  responses.  Such  criteria 
are  in  wide  use,  inptylng  a  swing  fran  the  frequency  denwin  into  the  time  donain.  Also,  the 
nature  of  sinulator  trials  described  earlier  suggests  «  classification  of  criteria  for  either 
fine  control  or  coarse  control  -  the  same  control  system  mist  satisfy  both  types  of  control 
input.  The  inport  ant  issue  for  the  future,  however,  is  to  ensure  that  the  interchange  between 
analysis,  modelling,  similatlon,  testing  and  project  definition  is  a  coordinated  activity, 
from  which  emerges  an  aircraft  with  good  flying  qualities. 
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^Judging  the  suitability  of  an  aircraft  to  safely  and  effectively  perform  its  mission  without  undue 
pilot  skill  and  discomfort  is  what  “flying  qualities”  is  all  about.  Central  to  such  judgement,  and  to 
the  design  of  suitable  aircraft  plus  flight  control  systems,  is  an  understanding  of  what  the  pilot  can 
do  with  ease  and  comfort  or  conversely  what  bothers  him.  The  Lectures  are  designed  to  impart 
such  understanding  to  both  novice  and  seasoned  practioners  in  flying  qualities  and  flight  control 
and  thereby  to  provide  the  bridge  required  to  extend  flying  qualities  requirements  from  simple 
“classic”  response  aircraft,  to  the  responses  attending  the  use  of  full-time  active  control.  It  also 
provides  a  unifying  connection  among  the  empirically  derived  flying  qualities  requirements  of 
different  aircraft  types,  e.g.  fixed-  and  rotary-wing. 

Mathematical  models  of  pilot  control  behaviour  are  explained.  The  application  of  various 
models  to  flying  qualities  problems  is  discussedundlhkinfluetfces,  regarding  the  generic  likes 
aijildislilu&oLpilots  drawn  from  such  studies  are  listed.  The  effects  of  distractions  are  examined. 

-*■  For  purposes  of  ready  and  universal  “characterization",  the  aircraft  plus  flight  control  system 
(plus  displays  if  applicable),  is  approximately  matched  by  a  lower  order  equivalent  system  of  suf¬ 
ficient  bandwidth  to  be  indicative  of  the  pilot’s  concemssThe  fixed  form  representations  for  such 
equivalent  systems  and  the  “watching”  considerations  are  described;  and  the  experimental  data 
base  is  also  discussed.  Finallygpme  of  the  pitfalls  and  benefits  of  using^imulators  for  flight  con¬ 
trol  system  development  and  flying  qualities  research  are  exposed  andclarified.  otcFS.' 

This  Lecture  Series,  sponsored  by  the  Flight  Mechanics  Panel  of  AGARD,  has  been 
implemented  by  the  Consultant  and  Exchange  Programme.  r-  y  , 
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